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ENERGY  FOR  FIELD  OPERATIONS  IN  DEVELOPING  COUNTRIES 


C.P.  CROSSLEY 

SILSOE  COLLEGE,  SILSOE,  BEDFORO,  U.K. 


,\  1.  INTRODUCTION 

V 

Oil  prices  have  risen  Eras  2  dollars  per  barrel  in  1972  to  over 
JO  dollars  per  barrel  in  1962/83.  After  adjusting  for  inflation  the  1972 
price  would  be  equivalent  to  about  14  dollars  in  1962,  so  it  can  be  seen 
that  prices  have  More  than  doubled  in  real  term  in  ten  years, (Figure  !).- 

*Vhe  effect  of  such  a  price  increase  has  bean  particularly  severe  in  those 
developing  countries  having  no  oil  supply  sources  of  their  own. 
Agricultural  production  of  cash  crops  for  export  is  very  often  an 
important  source  of  foreign  exchange  for  the  purchase  of  fuel,  and  in 
asny  cases  world  prices  of  exported  caaaodities  have  not  increased 
substantially  over  the  sane  period. %  Sons  countries  are  fortunate  in 
having  oil  supply  sources  of  their  oan  or,  like  Brazil,  have  agricultural 
conditions  suitable  for  the  proviaipn  of  large  quantities  of  non  fossil- 
based  fuel  froai  coMsodities  such^se  sugar,  sunflower  seed  and  cassava. 
Other  countries  however  havp^matively  little  opportunity  for  the 
econoaic  devslopaant-of  alternative  fuel  sources  and  will  continue  to 
rely  heavily  bn  external  supplies  of  fuel. 

4i" 

Since  agricultural  production  is  an  iaportant  aspect  of  the  econaay  of 
aost  developing  countries  and  usually  involves  a  large  proportion  or  the 
population  in  subsistence  or  cash  crop  agriculture,  there  is  likely  to  be 
a  continuing  need  for  angina  powered  aochaniration  in  the  agricultural 
sector,  using  both  large  and  aaall  scale  aquipaant .  Traditional  hand  and 
aniaal  power  sources  overcoae  the  fuel  supply  problaa  and  should  be  the 
preferred  alternatives  where  they  are  suitable,  but  due  in  part  to  the 
Halted  power  available  froa  these  sources  it  ia  necessary  to  utilize 
field  aachinery  in  aony  situations.  This  paper  Identifies  the  stages  of 
energy  use  associated  with  angina  powered  field  aquipaant ,  and 
investigates  the  possibilities  for  energy  reduction  within  the  various 
stages. 

2.  AN  EXAMPLE  OF  THE  SCOPE  FOR  ENERGY  REDUCTION 


Froai  work  carried  out  in  easi-arid  conditions  in  Botswana  it  has  bean 
established  that  the  use  of  four  tines  spaced  at  790  an  in  a  cultivation 
technique  letown  so  precision  strip  tillage  (PST)  resulted  in  a  total 
draught  raqulraaant  of  12.2  M  coopered  with  12.6  M  for  3  aouldboard 
ploughs.  Oue  to  the  increased  width  of  work  the  energy  required  at  the 
iaplsaant  in  precision  atrip  tillage  was  reduced  to  40.3  KJ/ha  coopered 
with  105  MJ/he  using  conventional  400  aa  aouldboard  ploughs  (kill cocks, 
1961).  This  illustrates  the  effect  that  a  change  in  cultivation 
practice  can  have  on  energy  requi resent a.  for  the  purpose  of  this  paper, 
the  above  iaplsaant  energy  requirsaents  were  used  to  enable  predictions 
of  tractor  energy  consuaption  to  be  asde.  Losses  due  to  wheel  slip, 
rolling  resistance,  transmission  inefficiency  and  turning  tiae  increased 
the  predicted  tractor  energy  consuaption  during  cultivation  to  65  MJ/he 


Tig  3.  Typical  tractor  angina  apacific  fual  consumption  map. 
Aftar  Ma thaws,  Tha  Agricultural  Cnginaar,  (1982)  37,3 
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for  PST  and  169  MJ/he  for  mouldboard  ploughing.  The  corresponding 
predicted  fuel  consi*ptiona  were  6. 39  1/ha  and  16.2  1/ha  respectively, 
while  the  predicted  rates  of  work  were  1.28  h/ha  and  3.21  h/ha.  The 
speed  used  in  the  calculations  (based  on  the  data  froa  Botswana)  was 
0.9  m/s  and  only  around  one-third  of  the  engine  power  of  a  30  kW  tractor 
would  then  be  used.  Depending  on  the  c cabinet  ion  of  torque  and  engine 
speed  selected  by  the  operator  this  may  give  either  better  or  worse 
specific  fuel  consumption  than  is  achieved  at  near  full  power,  but  it 
does  not  represent  an  efficient  utilization  of  a  high  powered  machine. 
Changing  the  implement  to  five  tines  and  running  the  tractor  at  1.8  m/s 
gave  a  predicted  rate  of  work  of  0.31  h/ha  and  the  predicted  fuel 
consumption  fell  to  3.1  1/ha,  due  to  a  more  efficient  torque/speed 
combination,  for  detailed  calculations  see  Appendix. 

The  above  considerations  indicate  the  complexity  of  the  choices  involved 
in  attempting  to  reduce  energy  consumption.  The  various  stages  of  energy 
use  in  a  cultivation  operation  are  now  examined.  The  procedure 
described  may  also  be  applied  in  principle  to  other  field  operations  such 
as  crop  husbandry  or  harvesting.  Primary  cultivation  is  usually  the 
single  moat  energy-intensive  operation  however  and  is  considered  for  that 
reason. 


3.  STAGES  Of  ENERGY  USE  AND  THE  SCOPE  TOR  IMPROVEMENT 

figure  2  shows  the  process  by  which  energy  in  the  fora  of  fuel  is  used  in 
cultivation  operations  to  provide  a  required  change  in  soil  conditions, 
and  also  identifies  seven  main  areas  in  which  energy  requirements  could 
be  reduced.  These  are: 

(i)  To  increase  the  efficiency  with  which  the  engine  uses  fuel.  This 
la  an  engine  design  problem. 

(ii)  To  improve  the  angina  operation  efficiency,  ie.  endeavouring  to 
work  at  the  lowest  specific  fuel  consumption  available  at  the  particular 
power  demand.  This  is  traditionally  an  operator  training/aotivation 
problem,  but  recent  advances  in  commercial  vehicle  transmissions  could 
eventually  provide  aids  to  tractor  operation. 

(ill)  To  improve  the  overall  transmission  efficiency.  This  is  taken  to 
include  all  stages  between  the  engine  flywheel  and  the  wheels,  and 
involves  problems  of  gear  design  and  power  absorption. 

(iv)  To  reduce  energy  conetmption  in  the  ground  drive  system  caused  by 
rolling  resistance  and  slip  losses  at  the  wheels. 

(v)  To  reduce  the  energy  requirement  of  the  implement .  This  involves 
detailed  implement  redesign  to  reduce  specific  draught  forces. 

(vi)  To  reduce  the  required  amount  of  soil  dleturbence.  Here  there  ere 
opportunities  for  techniques  such  ae  precision  strip  tillage,  minimum 
or  zero  tillage,  bed  systems,  ate. 

(vii)  To  Improve  the  efficiency  of  field  operation.  Here  the  problem 
comes  from  a  combination  of  machine  eenegement  and  operating  conditions. 
It  includes  aspect e  of  tractor  scheduling,  transport  time  and  field 
efficiency. 
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F lours  2 .  Scape  for  reducing  energy  requirements  in  field  operations 


The  above  Mvm  areas  art  nw  examined  In  aora  datail. 

5.1  Ermine  Efficiency 

A  uaaful  way  to  express  angina  efficiency  la  In  teres  of  apaciric  fual 
consumption  (SfC)  at  full  ratad  power.  This  apaclflaa  fual  quantity 
used  (voluew  or  aaaa)  par  unit  of  energy  obtained  (power  Multiplied  by 
tine)  and  la  conveniently  axpraaaad  in  1/kNh.  Haeeutee  auch  aa  higher 
caapreeeion  ratioa,  lap roved  oaabuation  chaabar  design,  lower  platan  and 
bearing  friction  loeeee,  higher  operating  taaparaturaa  through  the  uoa  of 
naw  aaterials ,  aulti -valve  heads  and  other  techniques  can  contribute 
eaall  but  aaaaurable  gains  in  econoay  with  spark  ignition  and/m 
coapreasion  ignition  engines  as  appropriate,  (King,  1983).  For  engines 
not  operating  at  full  rated  power  the  select ion  of  optiaua  part  load 
specific  fual  conauaptlon  probably  affords  aora  opportunity  for  iaproved 
econoay,  aa  described  in  section  5.2. 

Even  a  wall  designed  angina  can  consuae  excess  fual  if  it  is  not 
aeintsined  in  optiaua  condition  during  its  working  life.  Dynasoaeter 
testa  carried  out  by  ADAS  in  dales  showed  specific  fual  conawqitiana 
varying  over  a  period  of  three  years  by  as  auch  aa  148  greater  than  the 
standard  OECD  test  result.  Power  outputs  alao  varied  considerably,  being 
arfected  aainly  by  the  condition  and  accuracy  of  adjust want  of  the  fuel 
injection  systaa  (ADAS/dOAD,  1983).  In  aany  developing  countries  the 
level  of  operator  skill,  maintenance  procedures  and  aparee  back-up  is 
usually  lees  than  ideal,  all  of  which  will  tend  to  reduce  angina 
efficiency. 

hi _ fr»gi»  aag.#.4g 

Power  from  an  angina  is  obtained  free  the  product  of  torque  and  rotary 
speed.  Froa  consideration  of  an  angina  fual  oanoueptian  asp  (Figure  3), 
it  ia  evident  that  the  decisions  of  the  operator  can  have  a  very 
significant  affect  on  the  scour*  of  fual  conauaad  at  a  given  power  level. 
At  point  A  on  the  asp  (hill  rated  spaed,  full  rated  torque)  specific  fuel 
conauaption  is  a  constant  at  about  0.29  1/kNh.  At  half  power  however 
there  is  a  choice.  Point  C  (full  rated  apaad,  half  rated  torque)  gives 
an  SFC  of  0.334  tdiereas  point  F  (half  rated  speed,  full  rated  torque) 
produces  a  lower  SFC  of  0.280  and  point  H  (62X  rated  speed,  80S  rated 
torque)  ia  even  lower  at  0.287  1/Mh. 

With  25  kW  of  power  being  used  (in  a  SO  M  angina),  operation  at  points  C 
and  H  would  consuae  8.35  1/h  and  8.87  1/h  respectively,  affording  e 
potential  reduction  of  208  in  fttol  conauaad.  Currant  aaohiney  design 
leaves  the  selection  of  the  apes d/torque  ooabinetian  to  the  operator,  who 
is  advised  to  run  in  the  highest  practicable  gear  in  order  to  reduoe 
angina  apaad.  Assistance  is  provided  by  one  treeter  aanufeeturer  in  the 
fora  of  a  two  noodle  display  of  swhsuet  gas  taapersture  and  angina  speed 
where  the  ala  ia  to  snoour age  iaproved  fuel  eooncay  through  tractor 
operation  with  the  oreaead  needles  intersecting  in  the  "eeaneoy*  tone. 
Work  st  the  Cast  of  Scotland  Callage  of  Agriculture  hoe  suggested  that 
exhaust  gas  voluae  eaaauiaaent  should  else  be  incorporated  to  iaprove  the 
derived  specific  fuel  oonauaptian  data  (Witney  et  el,  1983). 

Possibilities  exist  in  the  longer  tore  for  o  aora  suteaatlc  central  of 
the  torque/ ap sad  caablnatlcn.  Continuously  variable  tranaadeaions  (CVT) 
are  under  devolapoant  by  e  nuabsr  of  eotar  vehicle  aenufacturers. 
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Variable  vee  belt  arrangements  have  existed  for  aany  years.  Development 
ie  aleo  currently  teking  place  at  leyland  Vehicles  of  a  design  baaed  on 
the  Perbury  inclined  roller  arrangement.  Control  la  by  microprocessor , 
enabling  a  complete  automatic  tranamisaion  system  to  be  achieved  at  high 
efficiency  (Engineering,  1963).  With  a  aicraproceeaor  programed  with 
the  apecific  fuel  consumption  nap  of  a  tractor  engine,  there  nay  be 
possibilities  for  controlling  transmission  ratios  and  engine  speed  to 
provide  the  required  levels  of  power  for  field  operations  at  constant 
forward  speed  and  at  the  optimum  torque/apaed  ratio  for  good  fuel 
consumption. 

3.3  Trsnmsiaslon  Efficiency 

A  tractor  fitted  with  drive  tyres  of  dimeter  1.3  metres  will  typically 
have  a  naxinus  forward  speed  in  bottom  gear  of  0.72  m/a.  This  requires 
a  wheel  rotation  speed  of  9.2  reva/nin,  whereas  the  naxinus  engine  speed 
will  be  about  2200  reva/nin.  The  total  reduction  required  in  the 
tranamisaion  system  ia  therefore  nearly  240t 1 .  This  reduction  will 
usually  be  achieved  in  not  lass  than  four  stages,  each  having  its  own 
inefficiency.  Nevertheless,  the  efficiency  of  individual  gear  sots  is 
high,  ao  the  total  loeeea  will  not  usually  amount  to  more  than  a  few 
percent,  neklng  the  scope  for  Improvement  very  limited.  Hydrodynamic 
and  hydrostatic  transmission  systems  are  significantly  less  efficient  but 
are  not  usually  found  in  tractors  except  for  specialized  applications. 

3.4  Ground  Drive  Losses 

Losses  occur  when  a  drive  wheel  ia  used  in  egricultural  soils  to  provide 
tractive  effort.  The  loaaea  comprise  rolling  resistance and  slip.  In  a 
given  soil,  rolling  resistance  decreases  with  increasing  tyre  dlamter 
and  so  does  slip,  but  while  increased  wei0rt  generally  reduces  alip  it 
will  tand  to  increase  rolling  resistance,  for  maximum  economy  it  ie 
necessary  to  operate  et  the  maximum  tractive  efficiency,  which  typically 
occura  at  around  12-136  slip  for  a  conventional  tractor  (a as  figure  4). 
from  work  performed  by  members  of  the  NIAE  Tyre  Study  Croup,  ADAS  has 
provided  a  guide  to  farmers,  relating  engine  power,  P,  forward  speed,  S, 
and  wheel  loading,  W,  by  the  formula 

W  «  1.6  P 


where  W  is  in  M 
P  is  in  MW 
S  ia  in  m/s 

It  ia  shown  that  by  fitting  23.1-26  tyres  loaded  to  2.36  tonnes  instead 
of  13.6-36  tyres  loaded  to  1.32  tonnes,  an  increase  in  work  rate  of  up  to 
166  can  be  achieved  with  a  typical  tractor  (AMS,  1983). 

Considerable  scope  therefore  exists  for  improving  fUel  oooneny  by  working 
at  valuea  of  alip  which  aooord  with  maw  ism  tractive  efficiency,  and  by 
reducing  rolling  resist  vice  through  the  use  of  larger  tyres  tuning  at 
the  optimise  inflation  pressure.  Towed  wheels  are  often  responsible  for 
high  levels  of  rolling  resistance,  particularly  when  equipment  such  as 
trailers  and  combine  harvesters  are  Pitted  with  smell  diameter,  high 
pressure  tyres  (Gse-Glough,  i960),  larger  tyres  can  bo  run  at  lower 
inflation  pressure,  leading  to  lower  ground  pressures  and  less  risk  of 
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fig  4.  Tractive  efficiency  end  slip  for  a  13.6/12-38  tractor 
driving  wheel  with  1370  kg  load  and  0.8  Bar  inflation  preeaure 
in  average  field  conditions.  Sources  Dwyer,  NIAE  Report  18 


fig  5.  Ridge  splitting  operation  using  a  ridging  body 
to  split  the  ridge  after  tinea  in  the  previous  furrow. 
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soil  damage.  Work  is  in  progress  st  various  centres  on  the  development 
of  automatic  on -the -move  sdjustaent  of  tractor  tyre  pressures. 

Where  implement  draught  forces  are  not  provided  by  direct  traction  the 
amount  of  slip  and  rolling  resistance  associated  with  smell,  lightly 
loaded  wheels  can  be  reduced  significantly,  Improving  fuel  efficiency. 
This  is  particularly  the  esse  with  small  scale  equipment,  and  the 
development  of  two  winch- based  tractors  is  described  in  section  4  of 
this  paper. 

3.3  Implement  Draught  forces 

work  carried  out  by  Spoor  and  Godwin  has  shown  that  the  addition  of 
inclined  wings  to  a  aubsoiler  tine  together  with  shallow  leading  tines 
significantly  increases  the  degree  of  soil  disturbance,  particularly  at 
depth,  and  reduces  the  specific  draught,  (Spoor  and  Godwin,  1978). 

Ploughing  at  higher  speeds  is  an  effsetive  way  of  utilizing  high  tractor 
power  without  the  need  for  high  drawbar  pulls  (since  drawbar  power  equals 
drawbar  pull  multiplied  by  forward  spaed).  However,  the  draught  of  a 
conventional  mouldboard  plough  increases  with  speed,  reducing  the 
advantages  of  high  spaed  ploughing.  The  development  of  a  high  speed 
mouldboard  plough  which  requires  a  drau^tt  force  similar  to  conventional 
ploughs  is  an  area  being  investigated  in  a  number  of  centres.  Other 
problems  also  associated  with  high  spaed  ploughing  are  those  of  tractor 
ride  and  implement  control  system  response. 

3.6  Soil  Disturbance  Reduction 


Reference  waa  made  in  section  2  to  the  work  of  Willcocka  in  Botswana, 
where  precisian  strip  tillage  using  tines  at  730  am  spacing  reduced  the 
energy  requirements  per  hectare  compared  with  conventional  mouldboard 
ploughing  by  s  factor  of  2.6.  In  suitable  semi-huaid  conditions  in 
tropical  areas,  possibilities  exist  for  zero-tillage  techniques  based  on 
herbicide  sprayers  and  rolling  jab  planters.  The  energy  requirement  for 
field  operations  la  said  to  be  reduced  from  300  HJ/ha  for  conventional 
cultivation  operations  to  35  HJ/ha  (Wi jawsrdsna ,  1978).  The  use  of  wide 
bed  systems  at  1.5  metre  spacing  in  conjunction  with  animal  drawn 
toolbars  has  bean  developed  at  1CRISAT  in  India  and  shows  useful 
reductions  in  energy  coneueption  for  field  operations  (Binewanger  at  al , 
1979). 

The  technique  of  ridge  cultivation  practiced  in  a  number  of  developing 
countries  aleo  fits  the  pattern  of  concentrating  cultivation  operations 
in  the  vicinity  of  the  crop.  Disturbing  the  bottom  of  the  old  furrow 
with  a  tine  prior  to  splitting  the  adjacent  ridges  onto  it  provides 
useful  soil  depth  for  the  now  ridge  by  mechanical  mesne  (Figure  5). 
Cultivation  than  comprises  two  operations  at  one  metro  spacing  instead 
of  close  spaced  tillage  followed  by  ridging  ( Croesi ey  and  Kilgour,  1978). 

3.7  Efficiency  of  Field  Mentions 

A  certain  proportion  of  the  energy  cone  used  in  relation  to  field 
operations  is  not  uood  directly  in  disturbing  the  soil.  Previous 
sections  of  this  paper  hove  identified  areas  of  energy  loos  during  actual 
soil  cultivation,  further  looses  occur  during  associated  activities  such 
as  turning,  headland  travel  and  transport  to  and  from  the  field.  The  use 
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of  a  ravinibli  plough  (mouldboard  or  disc),  or  tines  will  substantially 
raducs  ths  nood  for  hssdland  trsvsl.  Implement*  arrangsd  in  gangs  ana 
bahind  the  othsr  will  raducs  tha  number  of  passe*  required  for  a  sarias 
of  low  draught  ops rat ions,  and  hence  will  reduce  fuel  consumption. 

Indifferent  scheduling  of  tractor  operations,  particularly  in  tractor 
hire  a chess*,  can  increase  ths  aaount  of  travel  associated  with  each 
cultivation  activity.  Low  standards  of  operator  training  will  tend  to 
load  to  inefficient  field  operations  with  consequent  increases  in  fuel 
consumption.  Tractors  saint ainad  in  poor  condition  will  also  not  operate 
efficiently.  Ssall  and  irregularly  shaped  fields  increase  tha  aaount  of 
lost  travel.  All  these  factors  are  typical  of  operation  at  tha 
assll holder  level  in  developing  countries  and  help  to  account  for  tha 
very  high  costs  per  wit  area  associated  with  alaoot  all  tractor  hire 
•chase*  in  these  conditions. 

Other  factors  contributing  to  high  costs  are  the  high  spares  and  repairs 
costs  consequent  vpon  operation  in  difficult  conditions  undsr  poor 
saint enance  r eg i seat  low  rates  of  work  due  to  operation  at  low  drawbar 
powers  (going  too  slowly  with  too  ssall  an  iapl*aant)i  and  low 
availability  of  tractors  because  of  delays  in  obtaining  spare  parts 
required  after  breakdown  (Mdee,  1983).  These  factors  do  not  increase 
direct  energy  costs  but  any  reduction  in  effective  use  or  availability  of 
an  expansive  Machine  will  result  in  increased  indirect  coats  in  that  aore 
aachinas  are  required  to  perform  a  given  sat  of  taaks.  However,  tha 
energy  coats  associated  with  the  manufacture  and  supply  of  machinery, 
chemicals  and  othsr  inputs  are  not  within  tha  scops  of  this  paper. 

A.  W1HCH  TRACTORS  FOR  DEVELOPING  COUNTRIES 

An  increase  in  agricultural  productivity  in  developing  countries  is  vital, 
and,  because  In  tha  majority  of  countries  tha  anal  1  holder  sector  is 
doainent,  it  is  this  sector  idilch  requires  the  major  effort.  Improving 
aaall  fan*  yields  is  certainly  feasible  but  this  requires  e  package  of 
inputs  such  as  seeds,  fertilizers,  aansgmssnt  and  mechanization,  of  which 
aschanizstion  is  ana  of  the  mast  challenging. 

Smallholder  conditions  are  such  that  large,  conventional  tractors  cannot 
work  effectively,  due  to  such  factors  as  small  field  sin,  difficult 
access,  field  obstructions,  scattered  holdings  and  limited  aparea/ service 
infrastructure.  Therefore  it  has  bean  considered  necessary  to  attempt  to 
develop  special  asall  tractors  which  can  work  affectively  in  these 
conditions,  can  be  made  locally,  are  simple  to  operate  and  repair  and  can 
be  owed  by  tha  individual  farmer. 

Vat,  of  tha  large  number  of  prototypes  and  limited  production  asall 
tractors  which  have  bean  developed  over  tha  years,  only  a  tiny  handful 
has  mads  any  real  progress  and  none  can  really  be  regarded  as  a  success 
story.  A  major  reason  ia  that  compromises  between  tha  conflicting 
requirements  of  performance ,  durability  and  coat  have  resulted  in 
tractors  which,  although  fairly  cheap,  have  poor  tractive  ability,  a  low 
rata  of  work,  vary  fuel  consumption  par  unit  area  and  an  affective 
component  life  which  ia  often  measured  in  hundreds  of  hours  rather  than 
in  thousands. 

Section  3. A  of  this  paper  outlined  tha  losses  incurred  in  normal  tractor 
operation  due  to  rolling  resist  vice  and  slip.  Whan  performing 
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cultivation  operations  in  hard  soil  such  as  is  sneountersd  in  tha  dry 
saaaon  in  aany  developing  countries,  it  is  found  that  many  snail  tractors 
experience  high  levels  of  wheel  slip,  particularly  whan  surface 
conditions  are  poor  due  to  high  trash  levels,  or  where  surface  layers  are 
loose  after  harvesting  or  slippery  following  early  rains.  Velues  of  fuel 
consumption  of  three  times  those  experienced  with  conventional  tractors 
have  bean  recorded  with  some  small  tractors  used  in  these  conditions 
(Croaslay  and  Kilgour,  1978). 

Two  small-scale  winch  baaed  machines  have  bean  developed  at  Silsoe  Collage 
The  SNAIL  is  a  two  wheeled  machine  while  tha  SPIDER  is  a  fairly  small , 
four  wheeled,  ride-on  machine  hawing  a  diaaal  engine,  good  ground 
clearance  and  a  transport  platform.  Tha  SPIDER  can  carry  out  secondary 
cultivation  and  transport  operations  like  a  normal  small  tractor. 

However,  to  achieve  the  high  pulls  required  for  primary  cultivation  both 
machines  make  use  of  the  winch  principle,  using  a  separate  implement  which 
is  controlled  by  a  second  operator.  Tha  machine  is  driven  forward  while 
the  cable  rune  out  and  than,  whan  the  winch  ia  engaged  and  while  a  self 
operating  anchor  prevents  the  machine  from  sliding  backwards,  the 
implement  ia  drawn  towards  the  tractor  on  its  cable.  Upon  the  implement 
reaching  the  tractor  the  cycle  ia  repeated.  (Figures  6  and  7). 

The  node  of  operation  ia  very  unconventional  but  there  are  special 
reasons  why  it  is  desirable.  First  it  provides  a  high  drawbar  pull  (in 
the  range  9-8  kN  depending  on  the  angina  power),  from  a  fairly  small 
light  machine.  Second,  it  does  so  vary  efficiently  compared  with  a 
normal  small  tractor,  so  that  fuel  conauaption  per  unit  area  is  similar 
to  that  of  large,  conventional  tractors  (around  20  litres  per  hectare) 
instead  of  as  much  as  80-70  litres  par  hectare  with  ease  email  tractors. 
Third,  because  it  is  not  used  for  direct  traction  for  high  draught 
operations,  components  such  as  the  tyros  are  relatively  swell  and  not  aa 
expensive  as  those  an  a  small  tractor  of  equivalent  performance. 

Two  prototype  SNAIL  machines  were  tested  in  Malawi  in  1975  and  1976 
(Croaslay  and  Kilgour,  1978).  A  prototype  SPIDER  machine  has  also  bean 
tested  in  Tanzania  (Croaslay  and  Kilgour,  1983).  It  has  bean  concluded 
that  using  the  winch  principle  it  is  possible  to  produce  machines  which 
are  technically  satisfactory  for  operation  in  tha  small  farm  sector  of 
developing  countries  and  which  utilize  fuel  more  efficiently  than  existing 
smell  tractors. 
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6.  APPENDIX 

*1 _ lOTB  iMESfiE 

Individual  width  400  as.  Total  width  1200  an. 

Individual  pull  4.2  hN.  Total  pull  12.4  W.  Speed  0.9  a/s. 
laplaaant  power  11.34  fcW. 

Slip  199.  Tranaal salon  efficiency  0.94. 

Nailing  raaiatanca  2.9  hN.  Engine  power  used  la  (12.4  ♦  2.9)  x  .9/ 

(.99  x  .94) 

is.  17  Ml. 

Nan Iowa  angina  power  90  hW.  Proportion  of  power  used  .34. 

At  999  apeod,  tsrgue  used  is  409. 
frea  nap  STC  ia  0.337  1/WMh. 

Nate  of  work  ia  1.09  r/«,  is.  2.97  h/ha. 
fuel  used  ia  0.337  x  17  x  2.97  «  14.79  l/ha, 

fuming  tlwa  is  299,  ia.  0.44  h/ha. 

At  109  power  and  0.499  1/Id9t  fuel  used  in  turning  ia  1.94  1/ha. 

total  Awl  uaad  ia  14.2  1/ha. 
fatal  tha  ia  9.21  h/ha. 

Tyraa  19.4-39  leaded  to  2740  kg  total.  Coefficient  of  traction  0.47. 
Ippl— wt  energy  during  eultlvstian  11.34  x  2.97  x  3.4,  la.  109  NJ/he. 
Treater  energy!  daring  cultivation  17  x  2.97  x  3.4  ia.  197,4  HJ/hai 
during  turning  9  a  0.44  «  9.4  ia.  11.97  Hl/hej  total  149.97  lU/ha. 

Pi  opart ian  af  Inplaaant  energy  to  tractor  energy  0.42. 
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6.2  large  Tractor  ♦  Tour  fines 

Individual  width  750  aa.  Total  width  3000  mm. 

Individual  pull  '.025  kN.  Total  pull  12.1  kN.  Spaed  0.9  a/s. 

Implement  power  10.89  kN. 

Slip  14%.  Transaission  efficiency  0.94. 

(tolling  resistance  2.5  kN.  Engine  power  uaed  is  (12.1  ♦  2.5)  0.9/ 

(0.86  x  0.94) 

ie.  16.25  kN. 

Maxiaus  engine  power  50  kN.  Proportion  of  power  used  .325. 

At  85%  speed,  torque  used  is  ?G%. 
froa  aap  SfC  is  0.345  1/kMh. 

Rate  of  work  is  2.7  aZ/a,  ie.  1.029  h/ha. 

Fuel  used  is  0.345  x  16.25  x  1.029  =  5.77  1/ha. 

Turning  tiae  is  25%,  ie.  0.257  h/ha. 

At  10%  power  and  0.488  1/kMh  fuel  uaed  in  turning  is  0.627  1/ha. 
total  fuel  uaed  is  6.39  1/ha. 

Total  tiae  is  1.286  h/ha. 

Tyres  13.6-38  loaded  to  2740  kg  total.  Coefficient  of  traction  0.45. 
lapleaent  energy  during  cultivation  10. R9  x  1.029  x  3.6,  ie.  40.34  MJ/ha. 
Tractor  energyt  during  cultivation  16.25  x  1.029  x  3.6  ie.  60.196  HJ/ha; 
during  turning  5  x  0.257  x  3.6  ie.  4.626  HJ/ha;  total  64.822  MJ/ha. 
Proportion  of  lapleaent  energy  to  tractor  energy  0.62. 

6.3  Large  Tractor  ♦  five  Tines  (high  apeed) 

Individual  width  750  aa.  Total  width  3750  mm. 

Individual  pull  3.025  kN.  Total  pull  15.125  kN.  Speed  1.8  a/s. 

Iap'sasnt  power  27.22  kN. 

Slip  20%.  Tranaaisaion  efficiency  0.94. 

Rolling  resistance  2.7  kN.  Engine  power  uaed  is  (15.125  ♦  2.7)  1.8/ 

(0.8  x  0.94) 

ie.  42.7  kN. 

Haxiaus  engine  power  50  kN.  Proportion  of  power  uaed  0.85. 

At  85%  apaad,  torque  uaed  is  100%. 

Froa  aap  SFC  ia  .279  1/kMh. 

Rata  of  work  ia  6.75  aZ/s,  ia.  0.411  h/ha. 

Fuel  uaad  ia  42.7  x  .279  x  .411  >  4.9  1/ha. 

Turning  tiae  ia  25%,  ia.  .102  h/ha. 

At  10%  power  and  0.488  1/kMh  fuel  uaad  in  turning  ia  0.251  1/ha. 
total  fuel  uaad  ia  5.15  1/ha. 

Total  tiae  ia  0.513  h/ha. 

Tyraa  13.6-38  loaded  to  3000  kg  total.  Coefficient  of  traction  0.51. 
lapleaent  energy  during  cultivation  27.22  x  0.411  x  3.6,  ia.  40.27  MJ/ha. 
Tractor  energy;  during  cultivation  42.7  x  411  x  3.6,  ia.  63.17  HJ/ha; 
during  turning  5  x  .102  x  3.6,  la.  1.836  HJ/ha;  total  65  HJ/ha. 

Proportion  of  iaplaaent  energy  to  tractor  energy  0.62. 
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It  would  bv  of  benefit  to  umi  of  agricultural  whlclaa  to  hew  available 
Models  to  ccapara  the  performance  of  different  machines.  Such 
aodala  are  already  widely  available  to  praapsctlw  purchaa era  of  military 
|  whlclaa.  The  main  difficulty  in  developing  atari  Ur  aodala  far  agricul¬ 
tural  vet  idea  is  the  wide  variety  of  operations  ahlch  are  carried  out  on 
faram.  One  i^ortant  area,  however,  whan  such  aodala  can  be  developed 
are  for  heavy  drau£*  operations  such  aa  ploughing,  cultivating,  *±r- 
soiling  ate.  This  paper  daaorlbaa  andels  of  varying  nnmplurtty  which  can 
be  uead  to  predict  the  power  output  or  wort  rata  of  a  tractor  on  auch  opera-* 
tiona.  The  stapler  aodala  naad  only  a  prograaahla  calculator,  but  the 
eon  "user  friendly"  versions  would  require  a  edcroocaputar.  The 
pragma  can  be  used  to  oapate  the  wort  rates  of  tractors  of  different 
design  and  thaee  results  can  than  be  uead  in  linear  pragma  of  the  gmnaral 
fane  aanagomt  system  to  determine  the  affects  on  overall  profitability. 

A" 


Introduction 


The  British  agricultural  Industry  qerh  approximately  C2S0H  par  year  on 
now  tractors.  The  cost  of  operating  all  the  tractors  working  an  British 
farms  la  probably  about  four  times  this  figure.  Similar  statistics  would 
undoubtedly  apply  to  other  dawlqped  countries  of  similar  alaa.  Thsrmfora, 
in  tarns  of  national  aoonadca  it  is  wortMiile  devoting  am  effort  to 
snsurlng  that,  aa  far  as  possible,  the  agricultural  industry  has  available 
to  it  tbs  moat  appropriate  whlclaa  and  that  they  era  operated  aa  effic¬ 
iently  m  possible. 

1b  the  individual  farmer  the  Importance  of  selecting  the  ri^it  whida  is 
an  acre  critical.  Bis  choice  say  affect  his  profitability  far  the 
following  two  or  thras  years.  Similarly,  the  efficiency  with  which  ha 
operates  his  whlclaa  om  haw  a  crucial  affect  on  his  incise.  Delays 


034 


In  cultivating  land  and  sowing  crops  beyond  the  optima  tine,  or  inability 
to  apply  fertiliser  or  herbicides  at  the  appropriate  stage  can  easily 
reduce  the  value  of  a  crop  by  several  thousands  of  pounds. 

Clearly,  therefore,  there  are  benefits  to  be  had  free  making  available  to 
farmers  and  their  advisers  data  which  will  enable  than  to  make  the  right 
choice  of  vehicles  for  their  particular  situation.  Engineering  data  an 
tractors  have  been  available  free  independent  sources  for  nary  years,  lbs 
first  was  the  university  of  Mabnaha  In  UBA*^ ,  followed  by  the  OBCD*‘3  in 
Europe.  Tractor  test  reports  fron  both  of  these  souross  now  circulate 
worldwide.  However,  they  are  designed  prlnarily  to  provide  reproducible 
engineering  data,  which  cannot,  therefore,  be  applied  directly  to  predict 
field  performance.  Prather  performance,  for  aacanple,  is  measured  an  e 
concrete  or  tenaenedaw  surface  of  specified  characteristics,  rather  than 
on  s  field  surface,  which  could  obviously  not  be  reproduced  exactly  far  e 
mdmeguent  test  or  in  another  country. 

the  original  Siam  of  these  test  procedures  wars  to  help  to  eliminate  free 
the  sartoet  poor  quality  products  and  to  provide  prospective  inirrhaaara 
with  an  unbiased  ooaparlaon  bstiaaan  differmtt  ■anufactiirara*  products. 

Scan  elnaant  of  this  trains,  but  normal  uuamairlal  pressures  have  very 
largely  new*  ml  manufacturers  of  low  quality  vehicles  free  the  scans  and 
considerably  narrowed  the  differences  batmen  the  products  of  the  major 
manufacturers.  On  the  other  hand  the  range  of  models  produced  by  each 
manufacturer  has  expanded  greatly  in  recent  years.  A  very  wide  range  of 
power  levels  is  available,  two  or  four  wheel  drive  cn  moat  models,  usually 
a  choice  of  transmissions  and  a  host  of  other  options.  Therefore,  swan 
thou£i  a  user  may  quits  justifiably  sake  his  choice  of  manufacturer  based 
cn  the  service  he  receives  from  his  Local  dealer,  he  is  still  in  nsad  of 
aspect  Independent  advice  an  the  most  suitable  model  to  choose  for  his 
particular  requirements. 

Data  from  official  test  reports  are  still  a  valuable  starting  point  in 
assessing  the  relative  merits  at  different  tractors.  However,  more  abjec¬ 
tive  techniques  than  reliance  an  judgment  and  a^ar  lance  are  neoeeaary  if 
these  dsta  are  to  be  used  to  the  greatest  benefit  at  the  user  and  ulti¬ 
mately  the  ommlty. 
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ttwn  Making  ocaputar  aodala  to  aid  the  nlnctlon  aid  um  of  agricultural 
vahiclM  it  la  natural  to  look  at  what  haa  bean  dona  in  a  slntlar  way  far 
adlitary  vPlcln.  ta  acaa  yaara  than  ban  baan  available  to  proapsc- 
tiva  bucw  o €  adlitary  vahiclM  oagutar  aodala  which  oan  ba  uaad  to  car- 
para  the  pacification  at  aopetltive  vahicln  3 ,4'5) .  It  would  clearly 
ba  attractive  to  have  nothing  slnl  1st  available  to  prospective  buyers  of 
agrloultural  vahicln. 

8oopa  of  the  aodala 

baton  devialng  an  appropriate  aodal  the  flrat  aaeantlal  la  to  define  the 
vehicle  to  nlcn  and  the  criterion  which  will  ba  uaad  to  oapuv  parfonance. 
ta  a  adlitary  or  tranapert  vahlcla  thia  la  uaually  fairly  atral^ttforward. 
bn  ana  of  appropriate  terrain  oan  ba  chosen  froa  aul  table  aapa  or  by  sur- 
vaya  and  the  tin  taken  tor  a  vahlcla  to  travel  between  two  aalacted  points 
can  ba  aoputed,  tilth  a  pn  eat  lltotetlon  on  the  aariaa  vibration  level 
partotted  to  ba  tranmttad  to  the  driver.  It  ia  auch  non  difficult  to 
devln  a  rapraaantetlva  toMlon  tor  an  aprloultunl  vahlcla. 

Although  agricultural  tractors  an  daatpnad  priaarily  tor  aarxylng  oat 
heavy  dnupt  operations,  the  aejarity  probably  spend  Ian  than  half  their 
working  howrs  an  auch  taake.  A  typical  tractor  probably  oarrlM  out  non 
ttan  a  doaan  different  oparatlcna  in  a  yaar.  ta  acaa  of  than,  auch  ae 
set)  aolllng,  ploughing,  cultivating,  harrowing  and  drilling,  vorfcrate  nay 
he  United  by  tractive  partomrna.  ta  othan,  auch  aa  transporting, 
praying,  fart  11 1  ear  distribution  and  aowlng,  worknte  aay  ba  liadtad  by 
driver  oeatort.  ■owavnr,  tor  aary  othan,  aadb  as  planting,  harvesting 
and  baling,  inrkrata  will  ba  dp— tad  by  the  Unltetlona  of  the  aachlna 
being  uaad  In  ooajaftkn  with  the  tractor  gather  than  by  tha  par  fraaaii  a 
of  tha  tractor  itself.  It  any,  thanfon,  ba  bpraotioabla  to  raalin  tha 
Ideal  of  alaulating  the  Pols  amual  cycle  of  taming  oparatlona  carried 
out  by  one  tractor. 

In  alternative  pptoach  is  to  nmatdar  tha  tnotion- liadtad  teaks  and  tha 
drlvai "ooatoct-linitad  taake  aapacately.  other  papers  at  this  oanfsiancs 
deal  with  aodala  far  predicting  tha  effects  of  vahlela  daaipi  on  Arlvaroae- 
tortM'7).  PUs  paper  Is  nstrlctad  to  parfnraanrai  an  heavy  tonft  apart* 
tlons,  whan  traction  is  likely  to  ba  tha  Uniting  factor. 
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A  »<tI«  wodel  for  predicting  drawbar  power 

the  minima)  tractor  data  required  for  prediction  of  drawbar  power  are  the 
angina  torque-speed  relationship,  the  transmission  efficiency,  the  ratios 
of  the  driving  wheel  speeds  to  the  engine  speed  in  each  gear,  the  weight 
an  each  axle  and  the  tyre  dimensions.  these  can  be  found  in  an  official 
test  report  or  the  manufacturer ' s  specification  and  the  tyre  manufacturer's 
data  book.  the  field  conditions  Bust  be  defined  by  the  average  cone 
penetrometer  resistance  measured  through  the  top  250  sm  depth  of  soil. 


tyre  performance  is  determined  either  firm  the  mqpirical  relationships 
developed  by  Winner  and  Luth  in  the  USA*®*  or  from  the  following  derived 
by  Gee-C lough  in  UK,9) . 


Qj.  «  T  -  (1  -  e~kM)  .  (5) 
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w 
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Sr 
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«¥« 


mobility  ma6»r 

thzou£)  the  top  250  am  of  the  soil  surfaos 

tyre  width 

tyre  diameter 

vertical  load  on  the  tyre 

tyre  deflection 

tyre  section  hel^t 

coefficient  of  rolling  resistance 

rolling  real  stance 

sad—  coefficient  of  traction 
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■  maxima  thrust 
-  a  constant 

■  coefficient  of  traction 
>  thrust 
*  slip 

These  aquations  may  be  used  to  calculate  the  rolling  resistance  of  the 
wheels  and  the  thrust  available  from  the  driving  wheels  as  a  function  of 


slip.  The  drawbar  pull,  D,  is  then  the  diffexanoe 

D  ■  T  (driving  wheels)  -  R  (undriven  wheels)  .  (6) 

The  torque,  Q,  required  at  the  driving  wheels  is 

Q  •  (T  (driving  wheels)  ♦  R  (driving  wheels)  ]  r  .  (7) 


where  r  *  rolling  radius  of  the  driving  wheel  e 
and  the  Input  power,  required  is 

P*  •  Ow  •  JK  .  <«> 

r 

where  <•>  «  rotational  apead  of  driving  wheels 
and  v  -  theoretical  forward  speed  without  slip 


Therefore,  P^  •  (T  ♦  R)V  .  (9) 

The  ccanrespondlng  output  power,  PQ  la 

PQ  -  0  V(1  -  a)  .  (10) 


The  prchlaa  therefore,  is  to  find  the  eaxlaua  value  of  PQ  which  is  possible 
in  each  gear  without  aaoeading  the  aanriaam  available  value  of  P1> 

It  la  now  naoaeaary  to  distinguiah  hati— i  two  poaaible  situetlcna.  In 
the  higher  jeers  output  power  will  be  Halted  by  the  engine  power  available, 
whereas  in  the  Lower  gears  output  power  will  be  Halted  by  slip.  Par  each 
gear,  therefore,  the  sexism  output  power  possible  with  either  of  these 
lladtetione  met  be  calculated  and  the  lower  of  the  two  is  the  actual  sexi¬ 
sm  power  available  in  that  gear. 


lha  calculation  at  mglns-llaltad  — pome  is  wy  straightforward. 
Tha  angina  torqua  at  — xl—  powar  is  auHlpllad  lay  tha  tanadwlan  affic- 
iancy  and  tha  approprlata  gaar  ratio  to  find  tha  torqua  availabl*  at  tha 
driving  whaals.  This  torqua  la  divldad  fay  tha  rolliag  — and  tha 
total  rolling  raalatanoa  la  aubtractad  to  find  tha  drawbar  pull,  D. 

Tha  angina  ^>aad  at  aaxiaw  powar  is  divldad  by  tha  gaar  ratio  to  glua  tha 
rotational  apaad  of  tha  driving  vhaala  and  this  is  aultlpllad  by  tha  roll* 
lng  radius  to  giva  tha  no-slip  forward  qpaad,  V. 

Tha  thrust  froa  tha  driving  whaala  la  oalculatad  fro  tha  dm  bar  pull  plus 
tha  rolling  raalatanoa  of  tha  undrivan  whaala,  aquation  6,  and  tha  slip, 
a,  is  oalculatad  frm  aquation  i.  In  doing  tills  it  is  nsoaaaary  to  taka 
aooount  of  tha  waiqht  tranafar  froa  tha  front  axis  to  tha  raar  axis  dua  to 
tha  torqua  raquirad  to  ironaa  tha  soiling  raalatanoa  of  tha  driving 
whaala.  It  aay  ba  aaaroad  that  tha  soiling  raalatanoa  at  tha  udrlro 
whaala,  tha  thrust  frm  tha  driving  whaala  and  tha  Ingil— r *  dragt  foroa 
all  act  In  the  aroa  horiaontal  plana  and  do  not,  tiawftsa,  affact  tha 
wal£it  distribution  hatwaro  tha  axlaa. 

Tha  waigbt  on  tha  raar  whaals,  la  givan  by 

"r  *  "b.  *  <*> 

T 

whara  •  static  xaigt  on  raar  whaala 

(L  •  ratpiitad  to  OWW  «*■  m\U*q  WtidaMi 

tha  driving  whaals 
1  -  tractor  whaaUasa 


*  * 


W*f 


(11) 
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me  a  four-wheel  drivt  tractor 

%•««.*  [Wi  *  ’V*Wr]  {  . «’2' 

where  Mj,  «  wel^it  cn  front  wheels 

mi  (Cj^lp.  -  coefficient  of  rolling  resistance  of  the  front  wheels 

Since  «  W  -  H,, 

tier*  N  *  total  weight  of  the  tractor 

three  equations  any  be  aolved  for  and  N^. 

If  the  tractor  is  two  wheal  drive,  la  than  uaad  in  equation  5  to  find 
the  slip,  a. 

ttm  true  forward  apeefl  la  than 


V(1  -  a) 

and  PQ  la  calculated  free  equation  10. 

If  the  tractor  is  four-wheel  drive,  there  will  he  two  squat  Inna  5,  cne  for 
each  axle,  to  iterative  procedure  will  than  be  neoaaaary  to  find  the 
slip,  which  will  nonaally  be  the  aae,  or  be  in  aces  fined  relationhip 
far  the  two  axles. 

The  celcolatlcn  at  aaalaaaa  slip-lisdtad  power  is  all^Ttly  acre  aonplicated. 
Cabining  equations  5,  *  and  10,  tor  a  two  ideal  drive  tractor. 


•40 


ftor  •  four  wheal  drive  tractor 


'o  ■ 


("'V-x  "  '  •"**>) .  ♦  (■  «¥«,  <1  -  .-‘■ij. 


V  <1  -  a) 
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than  aquations  can  ba  aolvad  for  a.  the  thrust  at  tha  driving  wheels, 

T,  aay  ba  oalculatad  fra  aquation  5  and  tha  torqua  at  tha  driving  whaals, 
0,  fron  aquation  7.  This  aay  than  ba  divided  by  tha  gear  ratio  and  tha 
txan«daalan  afficiancy  to  give  tha  angina  torqua  and  the  angina  apaad  can 
be  read  fzoai  tha  angina  torque  apaad  relationship. 


The  angina  apaad  can  ba  dividad  by  tha  gaar  ratio  to  give  the  rotational 
apaad  of  the  driving  whaals  and  aul tipi  lad  by  the  rolling  radius  to  give 
tha  no-ellp  forward  apaad,  V.  Tha  output  power,  PQ,  can  than  ba  calcul¬ 
ated  fra  equation  13. 


This  nodal  is  aiapla  enough  to  be  run  on  a  —11  pwgva— Ida  calculator, 
but  can  ba  quite  affective  in,  for  axaapla,  ceaparlng  two  and  four-wheel 
drive  or  showing  tha  affects  on  ilmijair  power  output  of  changing  paraaailata 
such  as  tyre  else,  ballasting  or  gaar  ratios.  Tha  nodal  can  ba  aada  easier 
to  use  by  storing  data  a  tyre  liars  ions  and  typical  tyre  alias,  apaad 
torque  ralationahipa,  tranaaflaalon  affidanciaa,  gaar  ratioa  and  wai^it 
distributions  related  to  aaxl—  angina  power.  Sona  of  thaaa  values  can 
than  ba  uaad  by  default  whan  tha  affects  of  changing  others  is  being 
inveatlgatad.  the  aaoitt.  of  storage  apaoa  required  would  prchably  than 
nan— itata  a  aicxo-ocaputar,  however.  This  also  —bias  a  "user  friendly* 
prog—  to  be  written  which  pcopti  tha  user  far  the  appropriate  data. 


tt  m  aodal  described 


above  predicts  drwbar  power.  1b  oanvart  this  to 
workrutn  raqulTM  scan  knowledge  of  tha  relatlcrahip  between  draught  faros 
and  tanking  width,  The  slap)  eat-  approach  la  aaraly  to  taaaa  a  llnaar 
ralatlonahlp  ao  that  dnabar  power  can  faa  converted  directly  to  wockrata 
in,  fin  ample,  hactaraa  par  hour.  Ihla  will  giva  a  “spot"  rata  of  tank, 
which  could  than  faa  anltlpllad  by  a  fiald  afficiancy  factor  dapandlng  on 
the  alaa  and  tftape  of  tha  field  to  dataodna  true  rata  of  work,  allowing 
for  turning  and  stoppages. 

In  practica,  however,  this  aodiflcatlcn  doss  nothing  warn  than  ocnwnrt 
tha  dlaanalona  of  tha  output  to  a  tom  which  say  faa  non  naanlngfiil  to  a 
farnar.  Pbr  ample,  tha  nodal  night  glut  tha  aaodnua  poaar  outputs  of 
two  tractors  aa  45  and  SO  MM  respectively  and  ana  could  aaraly  Multiply 
than  fay  a  typical  flgura  for  Mouldboard  ploughing  such  aa  0.025  (ha/h)  flat 
to  glwa  1.125  and  1.25  ha/h  raapaotivaly.  this  would  not  alter  tha  acm~ 
parlson,  but  night  faa  non  anally  undarstood  fay  a  faznar. 

in  practica,  honour,  tha  widths  of  taplananta  an  not  continuously  vari¬ 
able.  Hay  can  only  be  changed  In  lnmaanta,  by  adding  or  moving 
bodlaa  or  tlnas,  for  amnpla.  Also,  changing  the  width  of  the  fayl—nt 
will  altar  its  weight  and,  thanfon,  tha  wnl^tt  on  tha  driving  whaale  of 
tha  tractor.  1b  taka  account  of  this,  tha  nodal  input  nust  Include  tha 
adnl—  width  of  laplanant  to  bo  const darad,  tha  lneraannts  at  incraaaa  in 
width,  tha  aorraopondlng  waists  aid  posit  Iona  of  tha  onrtra  of  gravity 
behind  tha  hitch  points,  tha  horiaontal  ad  vertical  ojapcnmta  of  soil 
torn  par  lncnaant  of  width  «d  the  dlatanoas  at  the  point  of  application 
of  tha  ivaulunt  at  tha  wart  tool  crnponanta  at  soil  force  behind  tha  hitch 
points. 


tha  Method  of  calculation,  for  each  gear  ratio,  starts  with  tha  alnlan 
width  of  laplanant.  tha  corrapondlng  wai^tt  of  tha  laplanant,  position 
of  centre  of  gravity,  vertical  oaponat  of  soil  font  and  position  of  tha 
point  of  application  of  tha  vertical  covenant  at  soil  fore a  era  used  to 
calculate  the  watpita  on  tha  aalaa  of  tha  tractor.  Dnm  aoat  ha  Ohaehad 
against  tha  oaafcaa  values  poodtfead  by  tha  traotor  and  tyre  nanufacturera 
Haatmn  1  la  uaad  to  calculate  tha  aobllity  ivahars  of  tha  wheels  and 
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aquations  2#  3  nd  4  to  calculate  tha  rolling 


(SW  -nd  k 


Ftac  two-wheal  drive  tractors  tha  rolling  resistance  of  tha  undrivsn  wheals 
la  addad  to  tha  laplamnt  draught  Cocoa  to  determine  tha  total  thrust,  T, 
required  from  the  driving  thesis,  aquation  5  la  used  to  ensure  that  tha 
naoaaaary  thrust  can  be  produced  and,  If  ao,  to  calculate  tha  slip,  a. 

His  torque  required  at  tha  driving  wheels,  Q,  la  calculated  free  —f »—•«/»» 

7  and  divided  by  the  gear  ratio  end  tranadaelon  efficiency  to  give  the 
engine  torque  required,  this  Is  ttmn  checked  against  the  torque  available 
from  the  engine  end  the  engine  speed  is  read  from  the  torque  -speed  rela¬ 
tionship.  this  qpeed  divided  fay  the  gear  ratio  end  multiplied  by  the 
rolling  radius  gives  the  theoretical  forward  spaed,  which,  whan 
by  (1  -  el  gives  the  true  forward  qpaad.  Wothraf  la  than  tha  true  for¬ 
ward  spaed  iltlpUad  by  the  iapl—nt  width,  this  procedure  la  repeated 
with  increasing  lnm— nfa  of  1  apt  leant  width  until  some  limiting  factor 
la  reached,  such  as  overloading  of  an  axle,  1001  slip  or  angina  stall. 

FOr  four  wheel  drive  tractors,  tha  total  thrust  equals  tha  lepl—nt 
drau£*,  but  the  distribution  of  tbs  thrust  b steal  the  axles  and  the  cor¬ 
responding  slip  auat  be  determined  by  an  iterative  process  using  agnation 
5.  Otherwise  tha  method  of  calculation  la  tha  aaaa  as  for  two  wheal 
drive. 


this  model  is  a  closer  slanlatlra  of  the  reel  field  situation  end,  haransa 
the  ctangai  In  dmu£tt  force  ere  incraaantal,  it  is  norm  useful  far  ooeper- 
lng  the  effects  of  chengea  in  gear  rat  ice  and  pacing.  Also,  taking 
aooomt  of  leplawnt  weight  end  its  affect  on  weight  distribution  will  show 
qp  any  limitations  on  the  alee  of  iaplaaant  naoaaaary  to  eaUi  full  power 
to  be  utilised  in  a  particular  gear. 


la  probably  adequate  for 

rectors,  its  aaln  limitations, 
shqpllf  lad  alaulatlop  of  the  Ispl 

I*  be  suitable  for  stuffing  the  effects  at 


which 


In  its 
Zt  would  not, 


9 


The  Min  limitation  of  the  alsple  modal  described  ab owe  la  that  It  doee 
not  taka  account  of  the  effect  of  forward  apaad  on  the  aoil  forces  on  the 
lay  1  Mart .  Including  this  in  the  analysis  complicates  the  calculations, 

but  extends  the  soups  of  the  model  to  studying  the  tractcr-laplMant  inter¬ 
action  note  effectively. 

the  effect  of  spaed  on  the  draught  force  of  Implimmnf  has  been  studied 
for  many  years,  notably  by  Goryachkin (11>  and  Sohne,12) .  Mate  recently 
Gee  Clough(13)  ueed  dimansional  analysis,  as  previously  proposed  by 
Krestin*1** ,  to  develop  the  following  equation  for  the  specific  draught  of 
a  plou£i. 

£  -  13.3  ya  ♦  3.06  W2 
9 


plou£i  dapth 
plougi  width 
eoU  density 
gravitational 


Subsequently  Oataui  at  al,15'16)  found  better  agramaant  with  aqpmria 
faults  fay  using  cone  panetrnemtmr  reel  stance  in  the  first  team  of  tl 
equation  and  Introducing  the  plough  mouldboard  tail  angle,  »,  in  the 
tarn,  to  take  account  of  different  plough  body  shapes. 


of  this 


Society  of  Agricultural  engineers’  Agricultural  Machinery 


typical 


of  specific  draught  for  a 


D  ■  A  ♦  B  V2  for  Boulclxwrd  plough* 
and  D  -  C  ♦  D  V  for  chisel  pleura  and  cultivators 

whan  A,  B,  C  and  D  an  aapirical  factors.  Typical  valuaa  for  dlffarant 
North  taarlcan  soil  typas  arm  as  folloMst 

A  20-70  VN/a2 

B  0.13-0.49  IW/»2)/IWh)J 

C  0.48-0.527  Wi/tlna  at  82. €  an  dapth 

D  0.0361-0.0492  (Mi/tlna)/(taa/h)  at  82.6  m  dapth 

In  general,  greater  depths  of  cultivation  and  hitfar  valuaa  of  draught 
force  sould  be  encountered  In  Europe. 

Far  lass  data  exist  cn  the  effect  of  speed  on  the  vertical  soil  farces  on 
laploaunts.  POr  aoultooard  ploughs  this  oan  probably  be  ipiored  for  goat 
purposes  since,  in  general,  vertical  soil  foroaa  are  —11  anyway.  The 
Upward  forces  an  the  coulter  and  landslide  generally  apprsdastely  balance 
the  downward  foroaa  on  the  Mouldboard,  so  that  tha  net  vertical  force 
applied  to  the  tractor  frcai  tha  plough  is  nasally  close  to  tha  weight  of 
tha  plough  alone.  Therefore,  any  variations  due  to  apaad  are  likely  to 
be  negligible. 

For  tinad  lapl— nta  such  as  sufaaoilars,  chisel  ploug*  and  cultivators, 
tha  vertical  fores  is  nocaally  approelaataly  a  fixed  proportion  of  the 
draught  force,  dependant  on  the  tine  rake  angle.  Zt  will,  therefore,  vary 
with  apaad  in  the  sms  way  as  does  the  draught  force. 

ttan  tha  affect  of  forward  apaad  on  laplaaent  draught  is  Inoludad  in  tha 
analysis  it  is  no  longer  pose  Ibis  to  calculate  angina  torque  fraa  laple- 
aant  draught,  read  off  tha  corresponding  angina  apaad  and  convert  this  to 
forward  apaad.  this  apaad  will  not  coincide  with  tha  ^aad  for  tdiich  tha 
draught  waa  originally  oelculatad.  Thar  store,  an  iterative  procedure 

auat  be  used  starting  with  tha  aero  apaad  draugit  force,  calculating  tha 
corresponding  forward  apaad,  using  this  qpead  to  for*  a  new  aetiaate  of 
draught  and  repeating  tha  procedure  until  a  satisfactory  level  of  accuracy 
is  attained.  Evsn  introducing  this  added  oraplaalty,  howawr 


is  unlikely 
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to  put  the  calculations  beyond  the  aoopa  of  a  programs bl  a 
provided  a  alaple  relatlomhip  betnan  spaed  aid  torque  la  aotaptad.  If 
an  awact  apaad  torque  relatlcnahip  la  required,  however,  baoauaa  thla  auat 
now  ba  Included  In  tha  Iteration  procedure  and,  therefore,  stand  In  tha 
progran,  at  laaat  a  adcro-oaaiwtar  la  likely  to  ba  naadad. 


Further  raflneaa nta  at  tha  wadal 


tha  nodal  any  ba  furthar  laproued,  if  naoaaaary,  by  lnclualon  at  other 
factors  which  nay  affect  tractive  parfomnoa  auch  aa  slopes,  theal  track* 
ing,  operation  with  wheels  In  the  furrow  and  use  at  the  differential  lock. 
Of  these  the  effect  at  working  an  slopes  is  probably  the  easiest  to  Incor¬ 
porate.  Going  directly  up  or  down  a  slops  has  two  affects.  Firstly, 
than  is  a  drift  In  wM£it  distribution  towards  tha  downhill  axle.  this 
any  ba  oalculatad  Initially  fra  tha  angle  at  tha  slops,  tha  held*  of  tha 
aantra  of  gravity  and  tha  whaalhaas.  It  than  appaan  In  tha  calculations 
as  a  change  In  tha  value  of  the  static  weld*  <*>  the  rear  aria, 

Secondly,  tha  ocaprwn*  at  tha  oeWbinad  weld**  at  t ha  tractor  ml  lapla- 
aent  acting  dowi  the  W  1  appear  aa  a  omatawt  tan  In  tha  agnation  for  the 
dnahar  pullt 


D  "  ‘"V  Driving  wheels  "  ^WtMrlvn  dtssls 
-  (N  sin  0>Tnrt^r  4 
whan  I  •  angle  of  slops* 

die  affect  of  dual  tracking  la  that  a  landing  wheal  oagacta  and  atragth* 
ana  tha  aoll  on  Which  a  following  wheal  ras.  this  nay  be  included  In  tha 
nodal  by  choosing  a  higher  veins  of  cone  panel  nUa  realatnre  far  a 
wheal  Which  ras  In  tha  track  of  a  preoadlng  Wheal .  Tha  gwhlm  is  to 
decide  bow  such  increase  to  allow.  Tha  only  data  Wrtdi  an  nailable*1** 
an  for  tyres  following  aach  other  tdWoh  axe  of  tha  ana  alas  and  carrying 
tha  ana  load  at  tha  ana  inflation  pressure.  Rr  ay  other  situation  it 
is  cnly  poaalbla  to  ntlnta  a  likely  figure  fra  than  data,  ddeti  bply 
an  inenan  In  ena  pnatraatar  realatanoe  of  2-3  tins  for  tha  aaoond 
tyre. 


»«e 


In  Europe  most  tractors  plough  with  two  wheals  in  the  furrow.  This  has 
two  af facta.  Firstly,  weight  Is  transfarrsd  fn  the  land-aide  wheals  to 
the  furrow  aids  wheals.  This  is  the  hh  as  the  effect  of  working  acroaa 
a  aide-slope.  It  say  be  dealt  with  in  the  nodal  by  calculating  the 
weight  transfer  froai  the  height  of  the  oantra  of  gravity  at  the  tractor 
and  the  track  width  and  predicting  the  perfornanoa  at  each  wheel  individ¬ 
ually.  The  aaocnd  effect,  however,  is  that  the  acne  penetrometer  reel  a 
tanoe  in  the  furrow  hottest  is  likely  to  be  hitter  than  that  an  the  surface 
again  there  are  very  little  data  available  apart  free  thoee  of  Gee-Clou^/1 
which  ahowed  a  typical  lnereeee  in  aone  panel ireater  resistance  of  about 
35%  ha  tween  the  furrow  bottoa  and  the  aurfeoa. 

Men  two  wheels  on  the  ease  axis  carry  different  wei^tta  or  are  running  In 
different  soil  oonditione  the  overall  perf i ■aanrui  on  %a»ether  the 

differential  is  operating  or  locked.  Mhan  it  is  operating  the  thrust 
fna  both  wheels  auet  be  the  ana.  Therefore  the  thrust  required  free 
the  axle  mast  be  helved  and  equation  5  uaad  for  aech  Mieal  individually 
to  detewaine  the  slip  for  that  wheal,  the  overall  slip  for  the  axle  is 
than  the  average  of  the  slip  values  of  the  two  wheels.  If  the  differen¬ 
tial  is  locked  than  the  slip  is  the  ease  for  both  wheels  and  it  is  neoee 
aery  to  use  an  iterative  procedure  to  determine  from  equation  5,  for  each 
wheel,  e  value  of  slip  which  will  produce  values  of  thrust  which  add  ip  to 
the  required  total. 

Beagle  1  -  Staple  aodsl  for  e  David  Brown  1390  two-wheel  drive  tractor 

The  following  input  date  mem  taken  from  the  appropriate  OBCD  test  report**0* , 
•xmpt  that  only  half  of  the  available  gears  ere  included  for  oanvenlanoa. 

Front  tyrs  else  7.50-16 
Static  wei^it  an  each  front  tyre  6.19  Ml 
leer  tyre  else  16.9-34 
Static  waigit  on  each  tear 
Wheelbase  2.106  m 


tyre  12.08  Ml 


* 
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Gear  LI  L2  HI  L3  H2  H3 

ft «lna  mam d  134.1  80.8  €7.2  4€.8  40.5  23.5 

SKef  VMd 

angina  tccqut  at  — tdmm  pmcr  x  tranaadaalon  afficiancy  •  198.5  N» 
Btglna  apaad  at  — (laa  paar  ■  2200  rav/ain 
hm ualng  a  valua  of  oona  ponatraatar  raaiatanoa,  C  -  1000  Wfa? 
and  ualng  tha  tyra  aanufactucar'a  data  book  for  tyre  dlaanaima,  from 
aquatlona  1,  2  and  11, 

Dynaadc  wai£it  on  front  whaala  -  11.81  Ml 
Dynaadc  wai^tt  an  naar  whaala  -  24.73  Mi 
Nobility  nuabar  of  front  whaala  -  9.03 
Nobility  nabar  of  rear  whaala  •  16.66 

Frcn  aquation  2, 

dolling  raaiatanoa  of  front  Mhaala  *  0.95  Mi 
dolling  raaiatanoa  of  mar  Mhaala  *  1 .64  Ml 

Froa  aquation  3,  4  and  5 

Naxiaaaa  ooafflciant  of  traction,  (C^.) | _ L_  >  0.741 

IMKiawa  throat  -  18.32  Mi 


k  •  5.85 

k  •  7.90 

Threat  •  18.32 

(1  -  a*7,90*) 

LI 

Ml 

U 

HI 

L3 

H2 

H3 

Ttmjue  aval  labia  at 
driving  Mhaala  at 
aaxlam  angina  poww 

:,  Mil  26.62 

16.04 

13.34 

9.29 

8.04 

4.66 

Omuhar  poll.  Ml 

33.41 

19.10 

15.44 

9.96 

8.27 

3.70 

No-allp  forward  apai 
M/h 

M, 

4.57 

7.59 

9.12 

13.10 

15.13 

26.08 

Threat  froa  driving 
Mhaala,  Ml 

34.36 

20.05 

16.39 

10.91 

9.22 

4.65 

Slip,  % 

>100 

>100 

21.49 

11.46 

6.86 

3.71 

True  forward  apaad. 

ta/h  0 

0 

6.52 

11.60 

13.79 

25.11 

Draafsar  powar.  Ml 

0 

0 

27.96 

32.09 

31 .68 

25.61 

048 


Trxm  aquation  14,  slip  for  nxlwi  output  power  •  25.15% 

Frewt  aquation  5,  thrust  frost  driving  whaels  *  15.81  Ml 

Free  equation  6,  draMaar  pull  ■  14.86  Ml 

Tram  aquation  7,  torque  at  driving  wheels  ■  12.90  Ml  ■ 


Gear 

LI 

L2 

ri 

L3 

H2 

H3 

Engine  torque.  Ns 

96.16 

159.60 

191.90 

275.55 

318.41 

548.75 

Engine  spaed,  rwv/nln 

2260 

2240 

2220 

abew 

a  sax.  torque 

Speed  of  rear  wheels, 
rev /min 

16.85 

27.72 

33.04 

No-slip  forward  speed, 
kst/h 

4.69 

7.73 

9.20 

Drawbar  power.  Ml 

14.49 

23.88 

28.42 

Therefore  the  highest  drsMiar  power  available  in 

each  ge 

ar,  the  forward 

speeds  and  the  equivalent  rates  of  work  at  0.025 

(ha/h)  /Ml  are  as  follows 

Gear 

LI 

L2 

HI 

L3 

H2 

H3 

Drawbar  power.  Ml 

14.49 

23.88 

28.42 

32.09 

31.68 

25.81 

Bquivalent  rate  of 
work,  ha/h 

0.362 

0.597 

0.711 

0.802 

0.792 

0.645 

Forward  spaed,  ta/h 

3.51 

5.79 

6.89 

11.60 

13.79 

25.11 

Bquivalent  laplaant 
width,  a 

1.03 

1.03 

1.03 

0.69 

0.57 

0.26 

Claspls  2  -  Staple  nodal  for  a  David  Brown  1390  four-wheel  drive  tractor 

The  following  input  data  are  taken  free  the  appropriate  OBCD  test  report*21* 
Oats  not  given  below  are  the  asm  as  for  the  two-wheel  drive  tractor. 

Front  tyre  size  11.2*24 

Static  weight  on  each  front  tyre  7.35  Ml 

■ear  tyre  size  16.9-34 

Static  weight  an  each  rear  tyre  9.83  Ml 

Wheelbase  2.14  n 

Dynast c  wei^it  an  front  wheals  >  13.91  Ml 
Dynlc  weight  an  rear  wheels  ■  20.45  Ml 
Nobility  iwsfear  of  front  wheals  *  14.98 
Nobility  mnbar  of  rear  wheals  •  18.36 
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tolling  resistance  of  front  wheels  *  0.95  Ml 

tolling  resistance  of  rear  wheels  -  1.32  kN 

NBbu  coefficient  of  traction  of  front  wheels  ■  0.735 

Maxim  coefficient  of  traction  of  rear  wheels  -  0.790 

Hwlaa  total  thruat  ■  26.17  kN 

k  (C^,)^  of  front  wheals  ■  5.75 

k  ICL)^^ x  of  rear  wheals  «  5.96 

k  of  front  Was  Is  ■  7.82 

k  of  raar  wheals  ■  7.64 

Threat  of  front  wheels  ■  10.22  (1  -  a-7*®2*)  kN 

Thrust  of  raar  Nheels  •  15.95  (1  -  a"7,64*)  Ml 

The  total  torque  required  at  the  driving  wheals  to  tranadt  the  full  engine 

power  la  the  saw  as  for  the  two  Meal  drive  tractor. 


Gear 

LI 

L2 

HI 

L3 

H2 

H3 

total  thrust.  Ml 

33.75 

19.43 

15.78 

10.30 

8.61 

4.04 

Slip,  « 

>100 

17.ff 

11.99 

6.49 

5.20 

2.19 

True  forward  spaed,  tas/h 

0 

6.25 

8.03 

12.25 

14.34 

25.51 

DraMar  power.  Ml 

0 

33.73 

35.20 

35.05 

34.30 

28.63 

neon  equation  15, 

Slip  for  sertaa  output  power  ■  24.95% 
Thrust  frost  front  wheals  •  9.76  Ml 
Thrust  frost  rear  wheels  ■  13.56  kN 
Ttatal  thrust  »  22.32  Ml 

total  torque  at  driving  wheals  ■  19.17  Ml  a 


Osar 

LI 

L2 

HI 

H3 

H2  H3 

■nglna  torque,  H  a 

135.51 

224.90 

270.42 

399.29 

449.69  773.29 

toglne  speed,  rsv/kdn 

2260 

1440 

atoo 

we  easel 

ea  torque 

No-alip  forward 
spaed,  taa/h 

4.69 

4.97 

Drawbar  power.  Ml 

21.85 

23.16 

Therefore,  the  hltfast  drawbar  power  available  in  each  gear,  the  forward 
T satis  and  tha  equivalent  rates  of  work  at  0.025  (he/hl/M f  era  as  follows. 
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Gear 

LI 

L2 

HI 

L3 

H2 

K3 

Drashar  power.  Ml 

21.85 

33.73 

35.20 

35.05 

34.20 

28.63 

Equivalent  rate  of 
wort,  ha/h 

0.548 

0.843 

0.880 

0.876 

0.855 

0.716 

Forward  apeed,  tan/h 

3.52 

8.25 

8.03 

12.25 

14.34 

25.51 

Equivalent  implement 
width,  m 

1.55 

1.35 

1.10 

0.72 

0.60 

0.28 

Conclusion* 

The  performance  of  agricultural  tractors  carrying  out  hasvy  draught  opera¬ 
tions  can  be  predicted  free  data  available  from  standard  test  reports 
together  with  tyre  performance  data.  Predictive  equations  previously 
developed  free  single  wheel  testa,  using  cone  penetrometer  resistance  a a  a 
measure  of  soil  strength,  are  particularly  suitable  for  this  purpose. 

Models  of  varying  oceplexlty  may  be  developed  depending  on  the  main  vari¬ 
ables  of  interest.  In  particular,  models  which  predict  output  In  terms  of 
drawbar  power  can  be  kept  relatively  simple,  whereas  those  which  predict 
rate  of  wort,  with  Impl— nf  whose  draught  is  (Wpmrteit  on  forward  qpaed 
are  Inevitably  sore  oceplex. 

Even  sliqple  models  can  be  effective  In  quantifying  the  benefits  of  design 
features  such  as  four-wheel  drive,  tyre  alas  or  powar/waifot  ratio.  This 
is  illustrated  by  the  eacaaplee  given  In  this  paper,  where  the  four-wheel 
drive  version  of  the  tractor  gave  a  10%  hiefmr  — alee  power  output  than 
the  two  wheel  drive  version.  However,  of  equal  significance  is  the  fact 
that  the  two  wheel  drive  version  had  to  bs  operated  in  L3  gear  at  11.6  km/h 
to  develop  — atlem  power,  whereas  the  four-wheel  drive  version  could  develop 
maximal  power  in  HI  gear  at  8.03  km/h.  Therefore,  if  the  operation  being 
carried  out  d— ndad  that  the  forward  apeed  be  restricted  to  HI  gear,  the 
output  of  the  four  ideal  drive  version  would  have  bean  24%  hifosr  than  the 
two  wheal  drive,  or,  in  L2  gear,  41%  higher. 

More  oaqplen  models  can  be  programaad  an  e  mlcroocmputer  to  be  "user 
friendly"  so  that  they  can  be  run  by  farmers  or  their  advisers  without  the 
need  for  e  detailed  understanding  of  foe  theory  behind  foma. 
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N  DIFFERENTIAL  EQUATIONS  Of  THE  VEHICLE  S  LINEAR  MOTION 

A  MATHEMATICAL  solution  ano  experimental  APPROACHES 


R.  FAOCHINI 

U.  Ool  KQI  MINlSTERO  OIFESA  -DO  Mol  Comb  ROMA  ■  ITALIA 


1  FOREWORO 


In  iMa  mas  Kit  Mjfttril  mmimNi  at  aunoort  rMeHM  wi  Mlinct  the  wtiohl  whMi 
Pta  orteonial  camponanta  o<  tftn  lorcao  mvdvad  wM  ba  only  tha  drawbar  forcor  lha  motion  ra- 

«ivano«  mo  vw  mtnip  mnni 


hava  a  taHly  complax  natura.  in  practica  Pray  ara  dlftt 
cuM  to  aaparata  bacauaa  mta  raquiraa  compWcatad  davicaa  and  procaduraa^ 

s  For  tPo  raaaon.  on  ma  baaw  ol  fbaorattcal  eonaidarattona  and  numaroua  taata.  many 
■uthora  hava  tormulatod  aavaral  awnlhatlc  amraaaion  lor  tha  r  rmlilnul  caiculailon  at  tha  rot- 
Png  raataianca  and  drag 

ws m  »sw  anowr»  maarang  e*  aw  lyroa,  among  ma  pi*s?»  rormuma  *  sss  ramamoa- 

rart 


1  R 

2  R 

SR 

4  R 


_J_.  (20  a  _ jfl  „->  AN0R6AU 

ttt  W  w«* 

5.1  a  JL^HL  a  KAMM 

-£.[s.i  4  fci-jtw  a  JMjJMtjAt/Mtj  SAE 
(r,  a  KtP)  W  MORELU  2KJN0U 


Tha  hat  aapraaaion.  normally  uaad  today.  w«  ba  bapi  aa  a  boat  of  *Na  aludy. 

Mroduong  lha  vaiua  of  Kand  VwmaandonaNy  oIam 
(O.iS  KpjH)  wan  a>a  wtamationai  ayatam  maaauramam  una. 

abaaomaa  R  «  r,W  a  <9.5  10*W  a  0,96  C*  S)  V» 
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W  =  vehtcle  weight 
C*  =  drag  coefficient 
S  =  vehicle  croM  section 


giving 


•  r  w  =  A  (N)  snd 

•  6  5  tO*W  4  0.65  C*  S  =  B»<N 

th«  I  ol  lowing  expression  will  be  obtained 
R  -  A'  +  B?V-’ 


2  differential  equations  of  the  motion 
INTEGRATION  AND  MATHEMATICAL  SOLUTIONS 


a  vehicle  «n  neutral  driving 


in  general,  the  differential  equation  ol  me  vehicle  motion  m  vectorial  torn  it: 
F  ♦  R  4  Me  d  v  =  0 

dt 

where 

F  a  drawbar  force 

F  a  total  motion  reeletance 

Me  a  equivalent  translating  meat  ol  the  vehicle 


III  w  ,  .aK| 1-  - - ‘  —^-4 

W  —  VfniCIf  WpQnt 

Roa  rottng height 
Xi=  i*  speed  reduction 

A  =  i*  equatorial  moment  ot  Inertia  ol  rotating  mate 


_ SSL  —  momentary  longitudinal  acceleration 

dt 

m  the  case  ot  the  vehicle  m  neutral.  M  results 
F  a  o.  while  as  already  teen: 

ft  a  A>  4  e>  v» 


Then  the  dWterentiei  equation  in  scaler  lorm  becomes 
A>  4  »  v>  4  Me  dy_  a  o 
dt 


tram  which  through  simple  i 
•iL  * _ ,  4*  -  r  *  - 

M.  4P*  rvT  BW8Vv) 


gnrtng 

A  ace 
it  results 


* 


S  f| 
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■4—  *  *  *  hfrr>  ■ 

K  -I  3  |  arctg  |[  .  with  K  =  arbitrary  constant 

gMng  as  boundary  condtoons  mat  lor  v  =  0. 
tame  usMeta  stopping  tana.  N  results 
Kem.  and  theretors 


m  - 1  a  |  arctg  ^ 

As  N  can  be  treaty  chooaan  me  instant  of  last  beginning, li  raauMs  tor  t  *  0.  v  *  v. 
Than  me  other  constant  "a"  can  be  etonmatsd. 
in  tact  mm  ms  shown  oondtoon.  h  r sauna 


t  a  m  (1  -  )  (2)  or  making  aapbctt  versus  V: 


arctg  a  tr^-t  e  ■  jf  *  tg  c 

at  last 

V  a  ctflJi-.jkJ  arctg  — j  (3) 

The  squadon  si  meson  found  to  the  tammtos  (2)  and  (3).*  perfectly  dsttood  up  to  thrsa 


c  a  _L  a  ram  hetowan  tie  amts  wot  of  ms  components  ot  motion  rsatslanta 

■  vpiov  PB^pnf  wnt  r«p|  nwn  nv  uipnrang  w  mv  mi 

Each  at  them  has  a  dWerant  trend  to  lunctlon  of  parsmstsi  ’‘o'  ystsd  passmg  through 
msnodssoteoadkwmsd  »  0,vat#  and  g«m,  v»o>. 

to  mtaaiay.  ones  dsinsd.stmsrs^stsnsntady  or  ansmtcslty  - ms  valuaot  me  parame¬ 
ter  c.a  ourva  to  Idsn— ed  stomp  grapdtoaPy  and  antoydcsPy.  mroyti  me  eg.  (3)  datamUnss  per- 
tsoPy  ms  moMsn  mar  of  a  apecdte  vehtoto 


in  mis 


on  the  vsMoto  are 


i  P^PPPPPO  Pf  swaflOT  OTWip  W  ff^Wlp  nfP^P 


•»«A'  +  2V  atm  ms  known  moaning  of  symbols 

Than  trom  ms  ganarstspusdon  st  msnsn(t)  Sis  BPtam  ad  ms  mttsssngddmrsnasi  sca¬ 


lar  aguskon: 


or 
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S'  (N  ^  >  s  otficoncy  parameter  o I  the  vehicle.  known  by  prevwue  point 

n  tamonoonUM)  %  parameter  which  depend!  on  tho  good  poor 

Mo  <N  _£)  *  equivalent  tranaiettnp  mow  ot  tho  vehicle  in  tho  good  poor 

K  (mra)  z  coohtoont  which  dopondo  on  tho  torque  ot  whooto  ondon  tho  efficiency  poromotora 
and  9* 

Than  toe  ooch  coupto  ot  ooonanetea  v  - 1  of  an  acceleration  praph  m  a  curiam  poor,  trom 
tho  equation  (7)  it  con  write  o  hyperbolic  aquation  whom  tho  unknown  quantwoo  are  Mo,  n.  K. 

Conoidaring  3  cocpto  ot  vaiuoo  v  t  m  tho  aomo  oootlon  of  praph  (aomo  poor).  It  wta  bo 
poaaaua  to  wrwo  conowtont  aquoMona  ot  3  independent  iquokana  with  3  unknown  quanttaaa. 

Mauch  oonaloiani  oouoaon  included  hvooftKiNc  aowiiono.  tho  Pworodeat  aotubon  la 
'mpoaaqu  .  yet  wo  can  go  on  (trial  end  error)  moomnq  many  tom  tofvoluoe  Mo,  n.Kaothotwo 
can  venfy  tho  3  aquottono. 


3.  EXPERIMENT  Al  APPROACHES  •  VALIDATION  TESTS 
a  Corrtod  out  taota 

m  order  to  provide  o^orimontol  vakdotton.  many  toots  m  neutral  driving  end  of  ac 
cola  radon  howo  boon  corrtod  out  with  4  moonmpM  voNcioo. 


To  aoauro  ata  uniformity,  aipntwoonoo  and  repeatability.  ouch  toata  havo  boon  corrtod  out 
on  road  and  on  o  apodal  "atandord"  rurmlnp  track  of  Nte  Proving  Qround  of  tho  Radon  Ar¬ 
my  olP  Coroao (Romo). 


Photo  (t)  Aortal  Dhotograoh  of  running  track 


toe 
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Tested  vehicles 


Photo  4:  ACL  75 


Photo  •>:  ACL  75  Amohlblou* 
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Tha  following  vahiciat  hsva  baan  tastsd 
Alla  Romao  1 750  civilian  car  vahtcla 


Afl/76 


raconnaiaaanca  military  value  la 


ACL/75  light  utility  military  truck 

ACL/75  amphibioua  light  utility  military  ampnoou*  truck 


For  tha  taka  of  bravity.  tha  pacuiiaritias  of  racordmg  davicist  ot  graph  v  - 1  ara  omit- 
tad 

Tha  procaduras  and  tha  radundanca  ot  tha  taata  hava  got  rid  ot  casual  srrors.  wind  at 
tact,  slight  stops*  ate  as  much  as  poasiftta 


o  Vahicta  m  nautrat  dftvtng 


DTaat  raautt 

Tha  raautta  ot  tha  Mat  am  synthatttad  m  fig  2. 

Tha  acatMrtng  haa  baan  inaigntftcant  and  in  any  caaa  mcludad  m  tha  graphic  arror 

2)  Calculation  ot  tha  sthetanev  paramaMrs  A»  and  B* 

Conaidartng  tha  MaMd  vahieM  data,  tha  waluaa  ot  asparlmantal  coatnciant  "c"  0M« 
nn)  from  tfo  yiphi  md  tfn  miNtycii  oxproooiono  pjvin  m  iho  thiofitlcil  port,  tho  todowino 
Darin n»n  IMP  md  V)  of  dM  voNefto  indmlvi  iffw  tjnr  u  hivt  boon  obfoinod* 

ItwMwva  mmw  •*  f  w*  am  varwara  an*raar*a  arwysarraf  "asa  tfaarr  tanaama* 


Vahida 

Ada  Romao 

1750 

AR/78 

ACU75 

ACL/75 

amphibioua 

laoor 

714715 

23401 

/22M2 

692V 

*7865 

512Qf 

*0178 

S  (m7) 

1.88 

2.75 

5.72 

5.54 

Ro<*"> 

0.28 

0,37 

0.48 

0.53 

MatN^jU 

1545 

2434 

7271 

-  5378 

m  (s) 

110 

122 

148 

124 

vapiwa) 

20 

25 

20 

20 

e#nM» 

1M 

11,5 

11,8 

14 

a(m» 

2710 

1232 

1890 

1809 

0.87 

1,975 

4.379 

2,973 

A*  (N) 

219 

291.2 

809,8 

582.7 

3)  ChaeMng  ot  roMng  and  drag  coathetanm. 


Tha  catcutatian  ot  tha  coatMeianta  r0  and  Cs  has  baan  mada  only  mordar  to  gat  vatt- 
ddion  md  comoor  toon  dolo  won  (bo  npoofottv  uood  ouontltioo  in  locomotion  morhoofr  i 

r^asrsai  vm  aai  •  ^^a*  *  t^aia  w  m  ganaiany  s^^ar  "»n^aa  vwtarafisari  rrraar^Mwaa- 

Manna  uaa  ot  tha  known  data  and  asoraaaions  wa  obtain  tha  toltowino  raadts 

ww  w»  w>w  wriww* i  r^wrw  angn “ i  rra  r*ia  rwrrspwwiw  i waiwsa' 


Vshicis 

Ails  Romeo 

1750 

AR/78 

ACL/75 

ACL/75 

amphibious 

A'(N) 

2f9 

261 

609  8 

582  7 

0.57 

1.975 

4  379 

2.973 

W  (Kg) 

1500 

2340 

6925 

5120 

S<m>) 

1.88 

2.75 

5.72 

554 

ro 

0.0149 

00114 

0.0069 

0  0116 

C« 

0388 

t  .094 

1.164 

0.816 

The  found  values  of  r0  and  C *  are  quite  congruous  to  the  test  condition 
and  suitable  to  them  provided  by  the  experience  and  by  other  methods  (m  parti 
cuter  the  highest  r0  of  Aits  romeo  is  due  to  the  tact  that  only  tor  this  car  the  tests  have  been 
earned  out  on  roed) 

it  is  necessary  to  pomt  out  besides,  that  the  good  Cx  ot  amphibious 
truck  is  due  to  his  lower  fairing 

c  Vehicle  driven  by  constant  torque 
t>  Test  result 

The  results  ol  the  acceleration  tests  are  syntheiized  m  tig  3  and  4 

2)  Determination  ot  the  parameters  Me  n  and  K 

The  following  calculation  is  not  compietly  correct  as  the  ton.**  is  not 
constant  in  the  same  gear,  but  it  changes  with  the  speed  (r  p  m  )  of  the  enqr  ■ 
ft  can  be  regarded  roughly  good,  if  we  consider  that  such  van  >ons  are 
much  tower  than  the  changes  due  to  the  speed  gear  besides  m  the  diesel  engi 
nes  this  coupte  range  « lairiy  moderate 
The  maximum  error  due  to  the  coupte  range  ot  engine 
(Cjmx.  Cwa  tOO)  is 

Alfa  Romeo  =  9.6  %  AR/76  =  19  i  H 


AC UTS  *  10  $  % 


ACL/75  amph  =  t0.5  % 


Tor  each  vehicle  and  lor  each  used  gear,  the  calculation  ot  unknow  values  Me.  n.  K.  has 
bean  earned  Out  casting,  trial  and  error,  the  to* lowing  hyperbole  consistent  equations 


v0  «  Kigh(_j|L-  K to  ♦  n) 
Vt  «  Ktgh(_|L_  Kit  ♦  n) 
Vg  .  Ktgh(_|L_  K*  n) 


Fig.  3 
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where.  known  the  moaning  o<  other  symbols.  wo  have 

V0.  V,.  Vg  =  speed  al  goar  engaging  at  an  intermediate  matant  and  at  gear  disengaging  re 
apoctivoty 

k>.  t,  tg  =  rotating  mstanta  to  previous  speeds 

The  results  are  reported  in  the  following  tables 


Alta  Romeo  1750  W  *  1500  Kg,B»  =0.57 


Qmt 

. 

9 

Me 

n 

K 

t* 

it 

1810 

0 

101 

6.065 

1670 

0.06 

77 

5.646 

1600 

0,11 

71 

■ 

3.246 

1560 

0.21 

51 

■EmM 

4.31 

1540 

0.65 

51 

ACL/75  W  =  6925  Kg.  &  4.38 

Gear 

9 

Me 

n 

K 

t* 

45.496 

21700 

0 

73 

25.87 

12800 

0.01 

54 

16.48 

9400 

0.05 

42 

10.29 

6400 

0.18 

33 

L  5* 

7.563 

8100 

0.31 

28 

AR/76 

W  2340  Kg.  B>  =  1.975 

Gear 

9 

Me 

n 

K 

t* 

23.102 

4200 

0 

64 

13.23 

3360 

0.04 

49 

■a:.. 

8,57 

3080 

0.29 

35 

in 

6.30 

2700 

0.41 

32 

kCL/75  amphtbK 

ms  6640  W  = 

H 

2,973 

Gear 

f 

Me 

n 

K 

mm 

23.393 

10200 

0 

63 

14.806 

6200 

0.04 

48 

mi  - 

9.303 

6600 

0.17 

34 

6.656 

6100 

0,36 

28 

3)  Determination  ot  the  working  torque  and  the  inclusive  etticiency 
From  the  obtained  values  it  is  possible  to  arrive  to  the  working  torques  at  wheats  Mr  and 
at  eng me  Mp  with  the  expressions 

Mr  =  (K'  ♦  C')  V  Ro  and  Mp  =  M,/p 


Th*  calculation  hM  Oaan  carried  out  tn  tha  todowtog  t  abler 


Alfa  Romeo  1750  C»  =  384.  B»  =  0,57.  Rq  =  0,281 


ACL  ■  75  C*s  138;  B* s  4,38:  R#  0.48 


2  TON  ampNWoue  C*  *  196;  B*  2,973,  Rq  =  0.51 
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At  (Ml.  composting  the  values  ot  Up  to  the  output  torques  at  angina  tact  stand,  in  the 
corrtspondtog  speeds.  tea  arc  abta  to  determine  toe  inclusive  efficiencies  («\t) 


VtNcte 

1* 

2* 

3* 

4* 

5* 

Alta  Romeo 

0.828 

0.670 

0.793 

0  788 

0.595 

AR  78 

0.880 

0.920 

0.788 

0.887 

... 

ACL  75 

0.858 

0.842 

0.822 

0.852 

0.889 

2  TON  Amphibious 

6840 

... 

0.914 

0.863 

0.747 

0.733 

This  values  consider  both  the  mechanical  efficiency  of  the  traemieaion  and  the  energy 
ikasipation  during  tha  motion,  tor  Via  water.  toat  and  lubricating  oil  pumps.  Ian.  air  auction,  ax 
haust  gaa.  aiactric  ganarator.  ale.. 


A  turthar  atop  would  bo  tha  datarmination  ot  tha  total  efficiency  (tharmic  angina  mdu- 
dad)  ot  tha  vehicle  during  tha  motion  with  tha  espreaston 


C. 


•H*  *±JE_ie.  O')  adtora: 

C.  («•  R 

3  votumatnc  tual  consumption  versus  to  run  unit  (10* 


ittsT* 


C*v«  apacitic  hast  versus  votuma  unit  ( 


fol{  > 


A  s  mechanichal  equivalent  othaat  «  4187  J 

KC8I 

E  g  tha  calculus  carried  out  on  the  grounds!  coneumpt ton  remarks  ot  Alta  Romeo  tra¬ 
vailing  at  100  Km/h.  has  provided  a  total  efficiency  =  0.23.  with  a  tharmic  engine  effi¬ 

ciency  of  0.29 


Theca  data  are  congruous  and,  with  a  vary  good  approximation,  they  correspond  to  tho¬ 
se  obtained  from  other  sources  and  experiences 


4  CONCLUSIONS 

it  is  not  wished  to  leave  out  tha  limits  ot  ratiabiuty  in  tha  proposed  methods,  that  is 
partial  inadequacy  ot  tha  binominal  expression  ot  motion  resistance, 
mcompiiiv  wp  wxicwon  m  xn§  onpnt, 

error  on  conaidaring  toe  torque  constant  at  tha  same  gear 

to  any  case  wa  beNeve  mat  the  appucatton  ot  toe  doaertoad  methods  ie  uaatuN  in  the  stu¬ 
dy  of  toe  vehicle  and  his  motion;  in  particular  it  should  provide  toe  toitowtng  benefits 
only  kinamattcal  remarks  are  carried  out  w«h  devices  which  have  a  good  level  ot  precision  and 

maaauramants  regard  only  two  teats  (to  neutral  and  acceleration)  with  a  small  scattering; 
Hold  teats  (more  onerous  tor  tha  organisation)  are  vary  much  reduced,  whereas  wa  make  lar¬ 
ger  use  ot  calculation. 

pemcUer  and  aapanaNs  dsvtcas  (wind  tunnel,  "big  martial  wheal",  "aerodynamic 
protoctton  'etc  >  are  not  rsquastsd.so  wa  avoid  mmeumm  and  errors  oormactad  to  ffiair  uaa. 


t 
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■M  Is  poostbie  to  perform  chocks  choosing  on  mo  graphs  mo  desired  number  o f  point  (t.v)  ono 
statistical  otobof  ottono  con  bo  mods  by  computer 
moy  allow  to  do  an  anoMycal  study  ot  vehtetefaoS  parameters 

Thto  is  poostbto  by  changing  mo  conotdorod  poramotor  (o  p  tyro  tnOotton  pressure).  calcuta- 
tmg  again  tho  coefficient*  on  which  mat  poramotor  is  acting,  and.  at  last  comparing  mo  obtai- 
nod  value*  so  mat  wo  shall  roach  tho  oprmuatton  ot  tho  tootod  poramotor. 

Coming  to  tho  tact,  mo  mothod  wtm  tho  vehicle  m  neutral  allows  tho  dotorrnmation  of 

*  viraav  vmcMncy  pwnnofi.  9 

*  I9MQ  OOUnCMni  iq  •rl  OOmiQUini  OpttfTNZStiOn  Of 

•  rasng  nwQni 

•kind,  width  and  structure  ot  mo  tyro 

•  tyro  mwabon  pressure  aooordbtg  to  speed  and  load  on  tho  tyro 
-  oraSMiant  tranatadno  moaa  In  rmarW 

*  drag  coetNctent  C*  and  mMmttalion  ot  Ns  componsnts: 

•  tas  Otloct:  Cc 

•  aids  McNon  rosiatancs:  C* 

•  drag  on  mo  whoots  «  C, 

•  rsslstonos  caused  by  tlft:  Ct 

Even  If  tho  malhodbMad  on  acceleration  last  la  ma  rokaiita  Inr  Ma  larrmr  ar  wmrlnn  it 

jin.  Jit  Miudlte  IkainM  —  *- - » -  1  lortllraitiw  — »-»' - — — - - a  » — 

mm  pfovm  imw  >9CTOti  w  ontcK  vtnnciiKin  mo  viMiiion,  vMn  fiQWi  vo. 


•  power  looooo  In  ardor  to  s»»pty  addWonal  but  moisponsobto  voNote  msmbsrs:  stoctrtc.  hy- 
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TRACTOR- SOIL- IMPLEMENTS 
FUNCTIONAL  INTERACTIONS  AND  MODELS 


G.  JAHNS*  AND  H.  STEINKAMPF** 

FAL,  BRAUNSCHWEIG- VOLKENRODE,  WEST  GERMANY 


(  INTRODUCTION 

'v. 

Tractors  and  aachinary  hava  avolvad  to  high  technical  I avals , 
however  this  advancad  laval  of  technology  raaulta  in  syatea 
coaqplaxitias  staking  it  difficult  and  expensive  to  furthar  ia- 
prova  quality.  Also,  it  stay  ba  aora  difficult  for  faraars  to 
raaliza  tha  total  potantial  of  thasa  highar  quality  systaas. 


Coaputar  aodals  ara  powerful  aids  for  idantifying  and  avalua- 
ting  tha  nuaarous  aachina  and  oparational  paraaatara  that 
affact  tractor  and  iaplaawnt  afficiancy.  Thay  can  allow  angl- 
naars  to  optialsa  thair  dasign  aora  cheaply  and  quickly  than 
by  using  field  trials  only,  and  thay  can  also  show  than  which 
systaa  paraaatara  aust  ba  displayed  to  tha  operator  to  enable 
hla  to  aaka  bast  use  of  tha  total  potantial  that  is  engineered 
into  tha  systaa  and  for  which  tha  faraer  has  paid. 


Tha  aodals  introduced  and  explained  in  this  paper  help  to  ana¬ 
lyse  technical  and  agricultural  paraaatara,  such  as  soil  con¬ 
dition,  ploughing  speed  and  depth,  wheal  load,  etc.  (sea 
Table  1).  ***■>  ^  9  s>3 

r  -  ■  ■  ■  i  r  1  — — »  - -  - 1  «  "  ■  ■  *  * 


Table  1.  Paraaatara  affecting  tha  afficiancy  of  tractor-sol 1- 

lmplaaent  systaas. 


*  Dr.-Xng.  Gerhard  Jahns  is  a  scientist  at  tha  Institute  for 
Basic  Research  in  Agricultural  Engineering  (directors  Prof. 
Dr.-lng.  W.  Betel) 

••  Dr.-lng.  Heinrich  Steinkaapf  is  a  scientist  at  tha  Insti¬ 
tute  for  Production  Engineering  (directors  Prof.  Dr.  agr. 

H.  Schdn) 
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Unfortunately  not  all  -parameters  can  be  investigated  by  compu¬ 
ter  models  e.g.  the  desired  result  of  tillage  operations  or 
the  stress  on  the  operator  are  important  criteria  which  cannot 
be  satisfactorily  quantified  by  physical  values  and  are  there¬ 
fore  not  computable.  In  the  following,  ploughing  as  a  time  and 
fuel  consuming  tillage  operation,  is  used  as  an  example.  The 
theoretical  field  capacity  is  the  main  criteria  evaluated. 

MODELING  STRATEGY:  COMPUTING  PRINCIPLE  AND  DATA  ACQUISITION 

Computer  models  are  used  to  investigate  sophisticated  systems 
by  means  of  mathematical  descriptions  and  to  arrange  and 
clearly  display  the  results.  The  real  link  batmen  the  physi¬ 
cal  and  the  mathematical  system  is  provided  by  data  from  field 
tests,  such  as,  for  example,  the  drawbar  pull  requirement  of 
ploughs,  the  rolling  resistance  and  tractive  coefficient 
curves  of  tires,  etc.  To  save  computer  time  and  memory  it  is 
desirable  to  describe  this  field  data  by  equations  instead  of 
storing  them  and  Interpolating  intermediate  values.  Often  re¬ 
versible  equations  are  desirable  so  as  to  prevent  the  need  for 
lnterations.  it  is  one  of  the  advantages  of  computer  models, 
as  well  as  a  risk,  that  in  contrast  to  physical  reality,  the 
admissible  range  of  peraawters  can  easily  be  exceeded.  In 
those  cases  the  validity  of  the  results  has  to  be  observed 
particularly  carefully.  The  form  and  extent  of  each  model 
should  be  related  to  the  questions  to  be  answered.  Even  though 
high  computer  power  is  available,  no  model  should  be  more  com¬ 
plicated  than  is  necessary. 

Dividing  the  tractor-soil-implement  system  into  modules 
(Figure  1  -  upper  section)  gives  the  advantage  that  the  inter¬ 
sections-  of  the  model  can  be  the  same  as  in  the  real  system. 
Therefore,  calculated  and  measured  values  can  easily  be  com¬ 
pared  and  the  individual  modules  can  be  exchanged  and  be  of 
different  complexity.  The  characteristics  of  the  modules  are 
schematically  indicated  at  the  bottom  of  Figure  1 . 


Figure  1 .  Tractor- soil- imp  1< 


mt  model  schematic 
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The  characteristics  of  tractor  anginas  ara  wall  described  by 
their  performance  mapa.  To  avoid  tisM  and  memory  consuming 
computation,  an  aquation  has  bean  developed  to  calculate  the 
fuel  consumption  of  an  engine  in  relation  to  speed  and  torque 
or  to  speed  and  power.  This  equation  is  universal  for  all 
engines  while  its  coefficients  are  specific  to  the  engine  un¬ 
der  inveatigation .  To  calculate  these  coefficients  values  for 
speed,  fuel  consumption  and  torque  or  power  for  9  working 
conditions  are  required.  They  are  available  for  many  tractors 
from  test  reports,  or  can  be  measured  using  a  suitably  instru¬ 
mented  dynamometer.  The  results  discussed  first  are  based  on 
an  engine  and  tractor  as  described  in  OECD-Test  Report  No. 

009  with  a  rated  power  of  44,2  k N  end  a  mass/power  ratio  of 
68,9  Kg/kW  to  149  Kg  AN. 

The  description  of  the  power  train  is  the  weakest  point  in 
this  and  all  known  tractor  models.  Even  though  there  are  data 
available  that  describe  parts  of  the  power  train,  there  are  no 
overall  efficiency  data  available  for  power  trains  of  tractors. 
Therefore,  in  this  model,  as  a  first  approach,  a  constant 
overall  power  train  efficiency  of  0.1  is  used. 

The  traction  of  tires  for  different  soil  and  working  condi¬ 
tions  has  been  smasured  in  nuawrous  field  tests.  Data  from 
more  than  2500  tests  at  the  PAL  are  available  and  have  been 
prepared  for  computer  uee.  Figure  2  shows  the  results  of  the 
data  processing,  in  this  ease  the  data  were  obtained  by  five 
test  runs  established  under  identical  conditions.  For  certain 
values  of  slip  a  the  traction  coefficients  k  (®  u  in  USA)  in¬ 
dicated  by  x  and  the  gross  traction  coefficients  a  (®  a  in 
USA)  indicated  by  ♦  are  plotted  versus  slip.  The  edged  9 lines 
connect  the  averages  of  these  values.  The  rolling  resistance 
coefficient  p  is  calculated  as  the  difference  between  the 


traction  coefficients  p  »  p  -  The  sa 

approximations  as  t 

c0o 

iooth  lines  represent  the 

a  ’  “o°  4  b0*  „  4  d0 

cl° 

k  ■  Sj  ♦  b^e 

(D 

(2) 

p  •  a2  ♦  bjC 

and  the  traction  efficiency  asi 

13) 

n  -  £  .  — 5— 

t  a  «  ♦  p 

14) 

The  values  of  the  paramsters  of  the  equations  for  the  tires 
and  soils  used  in  the  following  are  given  in  Table  2. 


973 


Unto 

loamy  CWy 

mndy  Loam 

mm 

— 

0.713 

0.621 

HI 

- 

-  0.004 

-0.624 

mm 

- 

-7.003 

-I2M 

- 

0.0676 

0.076 

- 

0.026 

0.206 

n 

kN/m* 

67273 

m 

kN  h* 

Lg.:iB 

0.464 

fea 

Table  2.  Ptru«t«ri  of  traction  and  rolling  resistance 
coefficients  and  of  required  drawbar  pull  for 
two  different  soils. 

As  in  reality,  for  caaputer  Models  the  date  for  the  implements 
and  the  tires  aust  be  related  to  the  same  soil.  Many  attempts 
have  been  made  to  describe  soil  conditions  e.g.  by  cone  index 
or  soil  textural  triangle  etet  however,  as  yet  there  is  not 
any  satisfactory  Method  of  rating  soil  conditions  with  respect 
to  tire  performance  and  draft  requirements  of  implements  using 
physical  values  and  verbal  descriptions  are  used,  without 
these  descriptions  of  the  soil  conditions  draft  or  power  re¬ 
quirements  of  implements  are  meaningless.  Unfortunately,  many 
publications  dealing  with  draft  and  power  requirements  of 
impleawnts  measure  only  one  specific  working  condition,  e.g. 
draft  for  only  one  speed  and  working  depth,  etc.  Data  necessa¬ 
ry  to  enable  computer  models  to  describe  the  draft  and  power 
requirements  of  Implamenta  must  cover  the  expected  speed  range 
and  working  conditions  and  Include  a  precise  description  of 
the  soil. 

Zn  this  model  the  required  tractive  effort  for  the  plough  has 
been  measured  under  similar  soil  conditions  and  was  described 
by  Xach  /l/.  the  required  trsetion  can  be  calculated  for  a 
speed  range  of  V  •  2  to  V  ■  I  km/h  by  the  equation: 

f  •  b  •  t  (a,  ♦  b3v»>  15) 

with  the  ploughing  width  b  and  the  ploughing  depth  t  both  inn. 
The  parameters  are  listed  in  Table  2.  The  mass  in  kg  of  the 
plow  can  be  calculated  121  as  a  function  of  the  ploughing 
width: 


■  -  -  21  ♦  803  b  (6) . 

It  is  assumed  that  <0  %  of  the  weight  of  the  plough  is  trans¬ 
ferred  on  to  the  tractor. 

Parameters  mooting  Tractor  Efficiency 

the  theoretical  field  capacity  is  used  aa  a  measure  to  calcu¬ 
late  the  effects  of  different  parameters  in  respect  to  trector 


974 


efficiency.  It  is  further  assumed  that  the  tractor  is  plough¬ 
ing  with  a  conventional  plough  at  a  depth  of  25  cm  on  level 
ground  at  a  constant  speed.  For  this  first  discussion,  a  tem¬ 
porary  simplification  is  assumed  that  equal  conditions  exist 
for  all  four  wheels  and  that  the  gear  ratio  and  the  ploughing 
width  are  continuously  changeable. 

Effect  of  Ploughing  Width  and  Speed 

Figure  3  shows  the  theoretical  field  capacity,  the  fuel  con¬ 
sumption  and  the  true  ground  speed  of  the  tractor  on  a  loamy 
clay  for  different  ploughing  widths. 
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Figure  3.  Field  capacity,  speed  and  fuel  consumption  versus 
ploughing  width. 

All  three  curves  are  boundary  lines.  That  means  for  a  given 
ploughing  width  therj  lines  Indicate  the  highest  field  capa¬ 
city,  highest  speed  and  lowest  fuel  consumption  possible.  The 
field  capacity  has  a  maximum  at  a  ploughing  width  of  about  one 
meter,  where  the  fuel  consumption  has  its  minimum.  The  results 
show  that  for  each  optimum  field  capacity  and  plough  width 
there  is  only  one  unique  speed.  Therefore,  ataxiaum  field  capa¬ 
city  is  only  achieved  with  a  certain  ploughing  width  and  speed. 
If  either  one  of  them  is  changed  the  field  capacity  is  lowered, 
or  the  tractor  can't  work  because  the  boundary  line  has  been 
exceeded. 

Effect  of  Tractor  Hass  and  Engine  Power 

Increasing  the  mass  of  a  tractor,  e.g.  by  ballasting  the  trac¬ 
tor,  gives  higher  field  capacity  as  can  be  seen  from  Figure  4. 
This  is  a  well  known  effect  but  has  limitations  for  a  real 
tractor.  These  limits,  the  lower  one  for  the  tractor  without 
ballast,  and  the  upper  one  for  the  tractor  with  maximum  re¬ 
commended  ballast,  are  indicated  in  Figure  4  by  the  hatched 
region.  The  tractor  under  investigation  allows  exceptional 
hight  ballasting  more  than  once  its  own  weight.  Xt  can  be  seen 
from  Figure  4  that  by  ballasting  a  tractor  the  maximum  field 
capactly  increases  with  a  decreasing  rate  of  improveswnt.  the 
same  is  true  for  the  ploughing  width.  The  field  capacity  curve 
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itself  becomes  less  convex  with  higher  mass,  respectively  the 
mass/power  ratio.  That  means  at  high  mass/power  ratio  the  re¬ 
duction  in  field  capacity  is  not  as  significant  if  the  plough¬ 
ing  width  does  not  exactly  match  the  optimal  ploughing  width 
than  it  would  be  at  a  low  level  of  power/mass  ratio. 
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Figure  4.  Influence  of  mass/power  ratio  on  field  capacity 
and  ploughing  width. 

Figure  S  shows  that  for  a  constant  mass/power  ratio  of  60  Kg/ 
kw  the  theoretical  field  capacity  increases  linearly  with  > 

engine  power,  the  same  is  true  for  ploughing  width.  Figure  5 
also  shows  that  with  higher  engine  power  the  field  capacity  I 

curves  become  less  convex.  This  means  that  as  mentioned  be¬ 
fore,  if  the  plough  width  does  not  exactly  match  the  optimum 
the  reduction  in  field  capacity  is  not  as  significant  and 
matching  the  right  plough  width  is  more  critical  with  lower 
powered  tractors. 

While  for  Figure  5  constant  mass/power  ratio  was  assumed,  it 
can  be  learned  from  Figure  6  showing  the  mass/power  ratio  ver¬ 
sus  rated  power  of  to3ayks  tractors,  that  the  mass/power  ratio 
of  tractors  in  use  is  declining  with  increasing  rated  engine 
power,  m  consequence,  the  increase  of  field  capacity  by  in- 
creaaing  the  power  is  partly  compensated  by  the  decrease  of 
the  mass/power  ratio  of  today's  high  powered  tractor. 
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re  5.  Influence  of  rated  power  on  field  capac 
ploughing  width . 


re  6.  Haes/power  ratio  versus  rated  power  /3/ 
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Effect  of  Soil 


Figure  7  clearly  shows  why  fanners  with  fields  of  different 
soil  cond i t ions  have  trouble  matching  the  plough  width  to 
their  tractors.  The  light  soil,  the  sandy  loam,  has  a  flatter 
curve  and  a  higher  maximum  occurring  at  a  greater  ploughing 
width  than  for  the  heavy  soil,  the  loamy  clay.  The  plough 
width  can  only  be  a  compromise  in  these  cases.  Because  there 
is  no  ranking  system  for  soil  available,  it  is  only  possible 
to  compare  individual  soil  types  and  conditions  as  in  Figure  7 
which  shows  two  different  soils  as  described  in  /I/. 
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Figure  7.  Influence  of  soil  types  on  field  capacity  and 
ploughing  width. 

Comparisons 

Figure  8  shows  the  changes  in  field  capacity  and  fuel  consump- 
t ion  per  hectare  if  one  paraamter  is  changed.  For  this  coaq>a- 
rison  it  is  assumed  that  the  tractor-soil-impleswmt  systems  as 
defined  in  the  beginning  is  working  at  the  point  of  maximal 
theoretical  field  capacity,  (see  Figure  3).  Ploughing  10  « 
deeper  reduces  the  field  capacity  and  raises  the  fuel  consump¬ 
tion  by  approximately  the  same  amount,  and  visa  versa.  The 
same  holds  true  for  the  stationary  component  of  the  ploughing 
resistance  (see  Equation  5) .  If  slip  Increases  by  10  %  the 
field  capacity  will  drop  and  the  fuel  consumption  rises  slight 
ly  by  more  than  1  t.  An  increase  of  power  and  mass  simulta¬ 
neously  by  10  %  causes  an  Increase  of  field  capacity  of  about 
the  same  amount  and  a  negligible  rise  in  fuel  consumption  per 
hectare.  If  only  the  power  is  increased  by  10  %,  field  capa¬ 
city  (7  •)  and  fuel  consumption  (2  »)  increase.  A  ♦  10  * 
change  in  the  tractor  mass,  e.g.  by  ballasting  the  tractor, 
causes  a  2  %  higher  traction  efficiency.  As  it  is  assumed 
that  the  comparisons  of  Figure  6  are  related  to  maximum  field 
capacity  and  minimum  fuel  consumption  per  hectare,  obtained 
only  at  optimal  ploughing  width,  every  change  of  plough  width 
will  decrease  the  field  capacity  and  Increase  fuel  consumption 
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Figure  8.  Comparison  of  field  capacity  and  fuel  consumption 
related  to  different  parameters. 

Optimal  Field  Capacity  or  Optimal  Fuel  Consumption 

This  question,  often  discussed  enthusiastically,  can  easily 
be  answered  using  a  computer  model.  Figure  9  shows  a  compari¬ 
son  of  the  performance  characteristics  ol  a  tractor  (OECD 
No.  536)  operating  at  rated  power  and  when  the  specific  fuel 
consumption  reads  250  g/kWh  (left  curves),  and  the  same  trac¬ 
tor  operating  at  its  point  of  optimal  fuel  consumption  of 
224  g/ktfh  where  it  delivers  53  t  of  rated  power  (right 
curves) .  Calculations  show  that  a  reduction  in  fuel  consump¬ 
tion  of  19  %  is  achieved  at  the  expense  of  a  40  %  reduction  in 
field  capacity. 
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Figure  9.  COMPARISON:  Optimal  field  capacity  (left)  or 
optimal  fuel  consumption  (right) 

EXTENDED  MODEL 

As  discussed  previously,  this  model  is  not  suitable  for  evalua¬ 
ting  the  effect  of  different  conditions  under  all  four  wheels. 
Consequently,  to  investigate  the  effects  of: 

-  2  or  4-wheel  drive 

-  different  wheel  speeds  on  4-wheel  drives 

-  locking  differentials 

-  uneven  or  sloping  areas 
the  model  must  be  extended. 

Figure  10  shows  the  schematic  of  this  extended  tractor-soil- 
implement  model.  The  modular  structure  is  maintained  but  the 
number  of  required  data  are  greatly  Increased.  In  some  parts 
of  the  model,  for  example  to  describe  the  different  conditions 
under  all  four  wheels,  four  sets  of  data  are  required  instead 
of  one.  To  describe  the  efficiency  of  every  gear  relative  to 
torque  and  speed,  efficiency  maps  similar  to  engine  performance 
maps  are  required.  Consequently,  the  computing  time  also  in¬ 
creases.  Effort,  therefore,  is  made  to  describe  the  maps  and 
graphs  of  the  models  for  equations  /4,  5/,  or  better  yet,  by 
reversible  equations  so  as  to  prevent  the  need  for  iteration, 
and  to  reduce  computing  time  and  memory  requirements. 
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Figure  10.  Extended  tractor-soil-implement  model  schematic. 

The  foregoing,  the  non-reallstic  assumption  of  a  continuously 
changeable  gear  ratio  was  made.  Using  an  extended  model  now, 
and  replacing  the  module  representing  the  continuous  gear  type 
transmission  with  a  modul  of  the  conventional  gear  type  trans¬ 
mission,  and  using  data  obtained  from  the  tractor  (OECD  536) 
under  investigation  the  validity  of  the  assumptions  made  and 
results  obtained  can  be  checked. 

Figure  1 1  shows  the  results  provided  by  the  two  models.  The 
thin  lines  show  the  field  capacity  for  the  gears  5  to  12  (ex¬ 
tended  atodel)  ,  the  solid  lines  the  field  capacity  for  the  con¬ 
tinuous  gear  type  transmission  applying  100  %  (X  -  1),  and 
89  %  (X  *  0,89)  of  the  rated  power  of  the  tractor.  The  results 
show  that  with  the  conventional  gear  type  transmission  only  at 
rated  speed  and  power  the  lines  for  the  single  gears  reach  the 
previously  calculated  line  of  optimum  field  capacity  for  100  « 
of  the  rated  power.  Below  the  line  representing  the  field  capa¬ 
city  for  89  t  of  the  rated  power  that  is  for  a  continuous  gear 
type,  every  field  capacity  can  be  achieved  with  the  conventio¬ 
nal  transmission.  Row  well  the  area  between  the  lines  for  100  % 
and  89  %  is  covered  by  the  conventional  gear  type  transmission 
depends  on  the  gear  ratios  and  number  of  gears.  From  Figure  11 
also  can  be  discerned  that  the  effects  on  field  capacity  of 
the  previously  discussed  parameters  are  not  affected  by  the 
type  of  the  transmission  as  long  as  its  efficiency  is  the  same. 
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Figure  1 1 .  Field  capacity  on  loaay  clay  for  different  gear*. 
Effect  of  Fara  Management 

The  foregoing  wss  only  concerned  with  the  technical  parameters 
that  Influence  the  theoretical  field  capacity,  but  farmers  are 
also  faced  with  many  wore  parameters  that  influence  the  over¬ 
all  work  tins  and  fuel  consuaption.  To  investigate  the  Influ¬ 
ence  of  the  operator  or  the  fara  aanagaaent  and  structure,  an 
additional  aodel  has  been  developed  using  the  results  froa  the 
foregoing  -  it  aakes  It  possible  to  evaluate  and  coapara  e.g. 
the  effects  of  field  else  and  shape.  The  data  and  assuaptions 
for  this  evaluation  are  given  in  Table  3. 


field 

headland  width  5  a 

nuaber  of  idle  tripe  2 

speed  of  idle  trips  1C  ka/h 


tractor 

tractor  loading 


OSCD-Test  Mo.  530 
15  %  of  rated  power 


plough 

theoretical  field  capacity 


two  way  aoldboard 
0.40  ha/h  -  loaay  clay 
0.01  ha/h  -  sandy  loan 


tlaes 

tr4-'*  to  and  froa  field 
one  headland  turn 
breaks  per  area 
breaks  per  total  tiae 
preparation  at  the  farmstead 
preparation  in  the  field 


15  ain 
0.5  ain 
1.5  aln/ha 

4  I 

15  ain 

5  ain 


Table  3.  Initial  condition  to  calculate  total  work  tiae  and 
fuel  consuaption. 
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The  results  displayed  in  Figure  12  show  that  the  smaller  the 
fields  are,  the  higher  is  the  work  time  per  hectare  which 
mainly  is  effected  by  times  which  are  independent  from  the 
field  size,  such  as  set  up  time,  fixed  time  losses,  etc.  A 
large  part  of  the  total  work  time  is  related  to  the  time  used 
for  headland  turning,  which  itself  is  determined  by  the  way 
the  headland  turning  is  accomplished.  This  mainly  depends  on 
the  type  of  implaawnt  used  and  the  skill  of  the  driver. 
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Figure  12.  Influence  of  field  sise  and  shape  on  total  work 
time  and  fuel  consumption  for  two  different  soil 
types  /6/ . 

Field  neasuranants  showed  /7/  that  the  skill  of  the  driver 
influences  the  tine  for  headland  turning  by  t  20  ».  in 
Figure  13  the  total  tine  versus  field  size  of  a  skilled  driver 
using  0.4  min  (KTBL  -  standard  tine  0.5  min)  for  headland 
turning  and  a  80  ktf  tractor  and  an  unskilled  driver  using 
0.6  min  and  a  90  kW  tractor  are  shown.  The  results  show  that 
the  skill  of  the  driver  with  the  snaller  tractor  (9  %  less 
theoretical  field  capacity  than  the  90  kW  tractor)  overconpen- 
sates  this  by  up  to  about  1.5  ha.  Only  above  1.5  ha,  when  the 
ratio  of  the  time  for  headland  turnings  to  total  time  drops 
under  a  certain  value,  will  the  unskilled  driver  with  the 
bigger  tractor  be  quicker. 


Figure  13.  Influence  of  rated  power  and  driver  skill. 


963 


Conclusion 


In  the  foregoing  ploughing  a*  one  of  the  Boat  time  and  fuel 
conaumption  tillage  operationa  was  used  to  show  how,  by  cow- 
puter  models,  the  influence  of  different  technical  and  agri¬ 
cultural  parameters  on  field  capacity,  fuel  consumption  or 
work  time  can  be  evaluated.  As  a  matter  of  econoaiics  the  ex¬ 
tent  of  the  BKxlels  discussed  had  been  matched  to  the  questions 
posed.  Mhile  the  first  examples  were  related  to  technical  pa¬ 
rameters  the  last  examples  showed  how  non  technical  parameters 
e.g.  the  skill  of  the  driver,  the  farm  structure  or  the  farm 
BMnagesMnt  can  greatly  influence  the  success  of  farming  even 
if  the  technical  paraswters  are  equitable. 
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INTRODUCTION 

Evaluation  of  tha  nobility  parfornanca  of  tSteeled  of f- road 
transportation  vahiclas  is  still  eonaidarad  to  ba  undar 
dabata  within  tha  rasaarch  aa  wall  as  tha  dasign  and  usar 
conaunitias.  Mathodologiaa  and  dasign  tools  hava  not  quits 
parmittad  a  kind  of  standardised  approach  ao  far,  although 
nuch  prograss  has  baan  achisvad  through  tha  past  fiva  yaara. 
K.-J.  Malsar  has  baan  discuaaing  various  possibilitias  of 
avaluating  tha  traction  of  tiraa  for  of f -road  transportation 
vahiclas  in  a  position  oaper  praaantad  at  tha  2nd  Europsan 
Conference;  Fassasa  /l/rthU  papar  concantratad  on  a 
mission-bMsd  analysis  of  nobility  parfornanca  Charec- 
taristics  for  a  caaa  study  vehicle.  Baaad  on  this  caaa  study, 
tha  authors  will  daacriba  sons  avaluatlon  tools  ralating  to 
araal  nobility  parfornanca  Charactariatics  of  tha  vahicla 
undar  oonsidaration.  Such  an  approach  raquiras  oonprahanslva 
tar rain  data  basas  to  ba  daalt  with  While  applying  ocaputer- 
aidad  nathods.  Tha  avaluatlon  procadura  will  provide 
parfornanca  data  which  have  to  SMteh  tha  user's  raquiranant 
data  dtich  ara  dafinad  in  tarns  of  charac^ristic  apaada, 
isnobilimation  parcantagas,  ebsi  (Table  Hr that  ara  aehiavad 
by  a  vahicla  in  an  arsa  undar  investigation.-- 


APPROACH 

Tha  ovarall  ayatan  of  vahicla,  driver  and  terrain  is  nodeled 
by  a  siaulation  nobility  nodal  /2/,  which  consists  of  thraa 
indapandant  conputational  nodulas  aa  shown  in  Pig.  1.  (hit  of 
thasa  nodulas,  only  ths  araal  (off-road)  nodula  and  tha  on¬ 
road  nodule  ara  being  applied  to  our  problen.  Linear  features 
(creaks,  rivers,  ate.)  do  not  constitute  tha  type  of  terrain 
^  that  is  negotiated  by  cowrclally  operated  wheeled  vehicles. 

£2E£ai3.§99&S49QS 

Terrain  conditions  usually  ara  heavily  influenced  by  soil  and 
»  surface  rtieracteristics  in  tarns  of  soil  strength  and  e Up¬ 

per  inesa.  Thus,  seasonal  Changes  of  soil  aoisture  and 
}  strength  as  well  aa  short-tare  changes  of  surfaos  conditions 

ara  crucial  terrain  parasaters  governing  a  croea-oountry 
vehicle's  parfornanca  data.  Considering  these  facts,  it  was 
dscided  to  define  characteristic  terrain  conditions  for  tha 
siaiplitied  case  study  being  discussed  hers  and  referring  to 
1  K.-J.  Malsar's  traverse  nods  approach  / 1/.  Xt  is  suggested  to 

run  sinulations  across  an  operational  area  of  the  sine  of  a 


v 
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ItSO.OOO-acale  topografic  quadrangle  sheet  Cor  tha 
conditions 


ither 


o  dry, 

o  ntrsHly  Mt , 

o  slippery  surface  (original  soil  strength  corresponds  to 
dry  condition) . 

Terrain  data  of  the  quad  sheet  ooepriae  both  off-road  and 
on-road  data  required  by  the  anbility  aodel  / 2/ -  These  data 
have  been  esseabled  on  the  basis  of  theaatic  aaps  (soil  nape, 
geological  nape,  land-use  naps,  forestry  aaps,  topografic 
aaps),  asrial  photos  and  ground  truth  data.  The  resolution 
cell  else  is  100  s  100  a  for  off-road  terrain  and  10  s  10  a 
for  aa-road  si ga ants. 

Statistical  data  on  soas  key  paraaeters  such  as  soil 
strength,  slope  and  surface  aiero- roughness  in  terns  of  RMS 
are  given  in  Table  1  for  off-road  and  on-road  terrain.  The 
area  consists  of  2700  terrain  units  while  the  road  and 
trail  network  is  aade  up  of  1500  road/trail  units  *• .  Tha 
frequency  distributions  indicate  that  the  off-road  terrain 
constitutes  a  rather  hilly  anvirenaeat  with  severe  slopes 
being  acooapanied  by  cooperatively  low  soil  strengths  in 
extremely  wet  condition.  The  road  conditions  do  not  exhibit 
antreae  diff ioultiee.  as  the  average  slopes  do  not  exceed 
5  I,  for  exaaple. 

Table  1  also  gives  an  overview  on  the  soil  types  and  road 
types  encountered  within  the  area  under  investigation.  The 
absolute  and  relative  frequencies  of  the  various  terrain 
units  encountered  are  also  indicated.  Host  of  the  soils  in 
the  of f -road  anvironaent  are  fine-grained  soils  (NH,  M,  SC, 
ML,  CL)  with  soas  rarely  occurring  organic  soils  and  fat 
clays  (CH) .  Hors  than  SO  %  of  the  road  network  is  aade  up  of 
secondary  roads  (light-surfaos  roads),  while  about  20  %  con¬ 
sist  of  agricultural  sad  forest  trails  with  soil  surfaces. 
Only  IS  %  pries ry  roods  ( fsdsral  highways)  are  cental nod  in 
the  existing  network. 

The  vehicle  configurations  of  the  ease  study  are  equivalent 
to  those  in  kef.  / 1  / .  h  l.S-t  truck  (4x4)  with  the  following 

characteristic  data  has  been  chosen t 

The  gross  vehicle  weight  equals  4.4  t t  the  tires  are  of  a 
10.M-U0  else  and  have  a  standard  tiro  deflect  ion  of  IS  I 
(100  s  deflect  ion/ sect  ion  kaifd) . 

The  shove  date  art  being  aadlfiad  cash  as  to  permit  iaveeti- 
getlon  of  the  effects  or  a  aoatral  tire  isfletiee  pressure 
system  (CTtVt).  Tire  deftest ions  of  **  %  sad  IS  • 


1)  defined  so  oress  of  henegaaoee  torrsls 

2)  defined  so  et  ret  shoe  of  hsswgsoseo  roods/trsils 
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with  respect  to  their  impact  on  Mobility  arm  timing  evaluated 
in  a  first  Modification  atap.  bait,  a  variation  of  tira  aisa 
using  a  14.00-R20  radial  is  Mads,  also  allowing  for  da fl ac¬ 
tions  of  15  9,  25  t  and  35  I.  This  covers  two  aaaantial 
variables  controlling  Wheeled  vehicles '  parfonsance  in  off¬ 
road  terrain  freM  a  running  gear  point  of  view  -  tira  site 
and  tira  inflation  pressure.  The  study  aims  at  determining 
whether  the  given  requireswnt  data  (Table  3)  quantifying  the 
user ‘a  needs  are  being  met  by  either  of  the  vehicle  systems 
described  in  terms  of  tira  aisa  and  CTIPS. 


EVALUATION 


Nobility  evaluation  tools  for  areal  and  mission-oriented  No¬ 
bility  quantification  are 

o  mobility  profiles, 
o  spaed- limiting  factors, 

o  speed /speed- limiting  factor  maps  (areal  evaluation), 
o  characteristic  mission  speeds. 

These  -  preferably  as  combined  information  -  provide  a  com¬ 
prehensive  description  of  a  vehicle's  mobility  capabilities 
in  a  specific  terrain. 


Nobility  ,.?rofi  leg 

The  mobility  profile  is  generated  from  the  basic  output  data 
of  the  computer  simulation  -  the  maximum  speed  of  the  vehicle 
investigated  within  an  off-roed  or  on-road  terrain  unit.  It 
indicates  an  accumulated  average  speed  tdiich  the  vehicle  can 
maintain  within  the  off-road  terrain  area  or  road  network 
under  cons lder at ion .  The  speed  nay  be  defined  as  a  function 
of  the  percentage  of  the  total  area  or  network  of  terrain 
units  that  it  avoids r  here,  the  assunetion  is  made  that  the 
vehicle  avoids  such  terrain  idiich  exhibits  the  maximum  impe¬ 
diment  to  its  motion.  Immobilisation  is  defined  by  a  theore¬ 
tical  speed  close  to  sero  in  order  to  allow  continuous  compu¬ 
tation  of  the  profile,  rig.  2  shows  a  typical  nobility  pro¬ 
file  for  a  specific  vehicle  and  a  given  weather  condition 
within  (off-road)  terrain)  the  vehicle  gets  immobilised  with¬ 
in  14  %  of  the  area  under  consideration. 

Sess*:i£5£&&9.'ss*s£i 

As  a  second  descriptor,  the  reasons  tor  the  simulation  output 
speeds  or  no-gos  are  given  in  the  evaluation  process.  These 
include) 


»  No-goi 

t 


o  Traction 
o  Obstacles 
o  Vegetation 


o  hide  contort 
o  tower 
o  Visibility 
o  Vegetation 
o  Obstacles 
o  Curvature  (on- road) 
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Opcode  — n  be  plotted  into  —pa  tor  tha  araa  undar  Invest iga- 
tion.  tha  infor— tion  — y  be  further  apaclfiad  by  —ana  of 
plotting  comparative  ape—  analyses  of  two  vahiela  candidates 
or  by  plotting  tha  aaaoeiatad  apaad- limiting  factor a  in  thair 
araal  distribution. 

By  incorporating  both  off-road  and  on-road  terrain  data  into 
a  atatistical  data  ba—  which  — y  ba  negotiated  by  tha  ve¬ 
hicle  at  a  given  ratio  of  off-road  vs.  an-roed  travel,  it  ia 
possible  to  derive  "characteristic  mission  speeds"  (v*)  from 
both  tha  off-road  and  on-road  nobility  profil— .  Tha—  apaada 
characterise  tha  mobility  performance  of  tha  vehicle  in  such 
a  way  that  at  a  given  pare— tags  of  both  off-  road  and  on¬ 
road  terrains  a  theoretical  apaad  can  be  Obtained  which  the 
vehicle  can  maintain.  If  tha  u— r  -fin—  a  specific  off/— - 
road  terrain  mis  to  ba  negotiated  by  his  vahiela,  tha  charac¬ 
teristic  mission  ape—  indie  at—  whether  this  ia  possible  or 
not. 


Tha  nobility  evaluation  for  both  off-road  terrain  and  roads/ 
traiia  of  tha  investigated  area  yield—  tha  following  re¬ 
sults  s 

a)  Of f -road  terrain* 

In  dry  weather  conditions,  both  tire  for— ta  show  practi¬ 
cally  identical  mobility  profil—  (Pig.  l)t  at  the  eoil 
streogth  values  concern—  (not  shown  hare),  el—  variation 
of  tha  tire  deflection  do—  not  influence  the  vehicle  per¬ 
formance. 

In  extra—  ly  wet  oo—  it  lone .  however,  the  14M-U0  tire 
shows  a  better  performan—  than  the  lO.MMOO  tire,  both 
at  19  I  deflection  (fig.  4)t  nevertheless,  tha  ape— a 
differ  by  only  2  to  4  km/h  a—  the  immobilisation  magni¬ 
tudes  are  ala— t  squival— t  (14  I  for  tha  14.00-00  tire 
a—  10  %  for  tha  10.50-00  tire). 

bheo  applying  a  central  tire  inflation  pr— sure  system 
(CTZMi,  it  oen  he  seen  from  fig.  5  that  -  at  a  deflection 
of  99  %  -  the  10 . 90-120  tire  provide#  almost  tha  as—  mo¬ 
bility  —  the  14.00-030  tire.  fig.  4  shows  tha  ran—  of 
mobility  increase  for  inflation  of  tha  10.90-030  tire  from 
19  i  to  39  %,  wbaraaa  fig.  1  clearly  1— lost—  that  the 
14.00-020  tire  do—  not  gain  —oh  from  this  variation.  1 
comparison  of  tha  performance  data  under  dry  a—  aatra- 
— ly  wet  so— ilia—  la  provid—  in  figs.  0  a—  0  with  a 
oonstaat  deflection  rate  of  19  I.  The  ape— a  eohiev—  — 
dry  a—  extra—  ly  wet  —11a  differ  by  10  to  19  km/h. 
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If  slipperiness  effects  dua  to  rainfall  ara  introducad  for 
aolla  of  high  strength,  drastic  nobility  daficianciaa 
occur,  as  is  shown  by  Pigs.  10  and  11.  Imeobilisation 
also  increases  tremendously  fro*  14  %  to  33  t. 

A  comprehensive  compilation  of  tha  fraquancy  distributions 
of  speed- limiting  factors  for  tha  invaatigatad  vahicla 
configurations  is  givan  in  Tabla  2.  Tha  ralatad  charac- 
taristic  spaads  v^q,  va90  and  vm  ara  listad  in  Tabla  3, 
which  also  includas  tha  road  fc  trail  performance  data  dis- 
cussad  balow. 

b)  Roads  and  trailss 

By  analogy  to  tha  of f- road  rasults,  tha  nobility  prof Has 
of  tha  two  tira  formats  do  not  diffar  at  all  under  dry 
conditions  (Pig.  12). 

Pig.  13  provides  tha  conparativa  rasults  for  dry  and  w- 
tranaly  wat  conditions,  indicating  an  avaraga  spaad  dif- 
faranca  of  about  5  km/h.  Tha  14.00-R20  tira  format  dons 
not  bring  about  any  nobility  incraasa  within  tha  invaati¬ 
gatad  road  natwork. 

Slippary  condition  substantially  raducss  tha  nobility  of 
tha  two  vahiclas  in  tha  nost  difficult  road  units  and 
laads  to  approx.  3  %  immobilisations  for  both  tira  formats 
(Pig.  14). 

Tha  fraquancy  distributions  of  tha  spaad-liniting  factors  ara 
listad  in  Tabla  3. 

On  tha  basis  of  tha  givan  nobility  rsquirsnants  (Tabla  3) 
which  ara  dafinad  in  tarns  of  naximun  Immobilisation  percen- 
tagaa  and  an  avaraga  spaad  of  vago,  it  is  than  dataminad 
whathar  tha  vahicla  parforaanca  data  satisfy  tha  givan  boun¬ 
dary  conditions .  Tha  araal  nobility  raquiranant  data  ara  des¬ 
cribed  by  tha  following  values  (cf.  Tabla  3). 

a)  va9o  *  10  /  5  /  $  km/h  for  off-road  conditions  during 

dry/extresmly  wat/slippery  waathar  scenarios 

va90  *  35  /  30  /  30  km/h  tor  on-road  conditions  during 

dry/axtrsnaly  vet/slippery  waathar  scenarios 

b)  Immobilisation  tolerance  ■  10  /  15  /  25  %  for  off-road 
conditions  during  dry/axtranely  wat /slippery  waathar 
scenarios 

lamobilisation  tolerance  •  0  /  0  /  5  %  for  on-road  con¬ 
ditions  during  dry/extrenely  wst /slippery  waathar 
scenarios 

Generally,  tha  evaluation  data  show  that  under  extremely  wat 
weather  conditions  tha  off-road  immobilisation  rasults  of  tha 
15-%  deflection  tira  (original  vehicle),  which  amount  to 
approximately  Id  %,  are  net  much  reduced  (Id  %)  by  applying 
35  %  deflection,  ■evertheless,  tha  given  requirements  of  15  % 
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maximum  immobilisation  ara  roughly  Mt.  Slipperiness,  how¬ 
ever,  doe*  aartoualy  afCact  tha  par Cormanca  data  aa  tha  immo¬ 
bilization  rata  incraaaaa  up  to  33  %.  This  haa  to  ba  taken 
into  account  while  planning  operations  of  the  vehicles  under 
theee  weather  conditions,  necessarily.  Mobility  aids  like 
tire  chains  have  to  ba  taken  into  consideration  if  specific 
operational  goals  are  to  be  net  by  the  vehicles.  Speeds  of 
va90  *r*  not  reached;  however,  85  %  of  the  terrain  way  be 
negotiated  with  a  minimum  speed  above  the  required  speed  of  5 
km/h  under  extremely  wet  conditions  by  both  tires,  the 
10.50-820  format  having  to  be  inflated  to  35  %,  however; 
thus,  a  CTIPS  is  needed  to  fulfil  the  requiraatents  set. 

The  results  of  a  combined  on/off-road  task  obtained  for  the 
vehicles  on  a  statistical  basis,  i.e.  assuming  a  defined 
ratio  of  on-road  to  off-road  movements,  ara  shown  in  Pig.  15 
in  terms  of  the  characteristic  mission  speeds  discussed 
earlier.  The  date  are  based  on  the  respective  off-road  and 
on-road  mobility  profiles  for  wet  conditions  and  15  i  deflec¬ 
tion.  The  larger  tire  provides  advantages  for  any  given 
terrain  mix;  however,  the  advantages  are  of  a  magnitude  of  2 
to  4  km/h  only.  This  must  not  constitute  a  major  reason  in 
favor  of  a  14.00-820  equipmsnt,  especially  when  taking  into 
account  the  capabilities  of  a  CTIPS;  the  35-%  deflection  data 

(laid  even  less  discrepancies  between  the  two  tire  formats 
Pig.  16). 

Pig.  17  illustrates  again  the  estreawly  big  problems  being 
created  by  slipperiness  effects  plotted  for  both  off-  and 
on-road  terrain  conditions  in  a  combined  graph. 

The  final  selection  of  the  tire  format  and  of  the  CTXP8 
equipment  has  to  be  based  on  the  results  of  the  areal  overall 
analysis  of  the  terrain-vehicle-operator  system  in  a  defined 
operational  area  for  different  weather  conditions  and  defined 
procureattnt  cost  data. 

Table  3  indicates  the  requirements  to  be  sst  by  the  vehicle 
that  are  derived  from  the  user's  needs  and  the  performance 
data  achieved  by  the  vehicle  systems  obtained  through  the 
simulation  results. 

The  data  indicate  that  none  of  the  vehicles  entirely  satis¬ 
fies  the  conditions  set  by  the  user's  demands.  However,  the 
vehicle  configurations  with  CTIPS  almost  reach  the  required 
performance  data;  the  iamobi ligation  values  are  almost  equal¬ 
ling  15  %,  whereas  the  v»gg  speed  requirements  are  fulfilled 
by  v_g«  values  of  both  10.50-820  and  14.00-820  tire  formats 
at  Ml  deflection.  Characteristic  speeds  (Table  3),  immobi¬ 
lisation  percentages  and  the  entire  mobility  profiles  do  not 
allow  major  preferences  to  be  given  to  the  tire  format 
14.00-820.  nevertheless,  the  required  performance  data  call 
for  equipment  with  CTIPS  in  order  to  be  able  to  negotiate  the 
most  difficult  terrain  with  sufficient  traction. 

It  has  to  be  taken  into  aooount,  however,  that  elippery  sur¬ 
face  conditions  create  serious  nobility  problems.  It  is 
probably  necessary  to  use  chains  in  order  to  increase 
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traction  under  th«a«  weather  conditions.  Otherwise,  the  ve¬ 
hicles  will  be  immobilised  within  1/3  of  the  entire  off-road 
area  to  be  negotiated. 

If  the  entire  road/trail  network  is  considered  in  connection 
with  off-road  travel  on  a  statistical  mix  basis,  "charac¬ 
teristic  mission  speeds"  at  a  defined  ratio  of  off-road  and 
on-road  travel  can  be  obtained  on  the  basis  of  the  off-road 
and  on-road  mobility  profiles  (Figs.  15  to  17).  Table  3  gives 
an  example  of  reducing  these  data  to  a  v^jq  value  which 
characterises  the  curves  by  an  average  speed  at  vdtlch  50  %  of 
the  terrain  mix  (roads  and  off-road  areas)  may  be  travelled. 
This  50  %  constitutes  those  terrain  areas  and  network  seg¬ 
ments  which  are  the  "easiest"  ones  for  the  vehicle  (in  other 
wordas  the  most  "difficult"  terrain  and  road  network  segments 
are  avoided). 

The  va5o  values  indicate  that  the  performance  of  the  two  tire 
formats  is  quite  similar  again.  Even  under  slippery  con¬ 
ditions.  an  average  speed  of  32  km/h  may  be  maintained  if  the 
most  difficult  off-road  and  on-road  terrain  units  are 
avoided.  Again,  preferences  can  be  allocated  to  neither  the 
smaller  nor  the  bigger  tire  format. 

In  an  attempt  to  make  a  final  vehicle  system  selection,  the 
following  evaluation  results  are  compiled! 

As  the  procurement  cost  of  the  10.50-R20  tire  (100  points. 
Table  4)  is  below  that  of  the  14.00-R20  tire  (102.4),  it  is 
concluded  to  recommend  the  vehicles  to  be  equipped  with  the 
10. 50-R20  tire  format  and  a  CTIPS .  This  will  enable  the  user 
to  operate  his  vehicles  in  the  above  terrain  conditions  with 
a  maximum  efficiency  in  terms  of  mobility  and  cost  involved. 

As  already  mentioned  above,  traction  problems  under  slipperi¬ 
ness  conditions  have  to  be  countered  by  suitable  measures 
like  equipping  the  tires  with  chains,  etc. 

C0MCLUSI0MS 

The  investigations  reported  in  this  paper  were  intended  to 
provide  a  quantitative  decision  aid  to  the  user  of  vehicles 
to  be  equipped  with  a  specific  running  gear  (tire  format, 
central  tire  inflation  pressure  system).  Both  vehicle 
performance  and  procurement  cost  involved  were  taken  into 
account  during  the  process  of  defining  the  best-suited 
vehicle  system  solution  for  given  terrain  and  weather  con¬ 
ditions. 

The  results  obtained  have  to  be  understood  as  a  broad  perfor¬ 
mance  evaluation  of  the  overall  terrain-vehicle-driver 
system.  If  the  user  roughly  defines  the  actual  mission  pro¬ 
file  in  terms  of  terrain  and  weather  to  be  negotiated  by  his 
vehicles,  a  mobility  evaluation  model  -  as  the  one  applied 
here  -  can  provide  comprehensive  data  on  the  vehicle 
performance  to  be  expected  within  extensive  areal  terrain. 
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PREDICTING  THE  PERFORMANCE  OF  FAST  CROSS  COUNTRY  VEHICLES. 


J.C.  LARMINIE. 

CONSULTANT:  LYTCHETT  MATRAVERS,  POOLE,  DORSET,  ENGLAND. 


This  papar  daacribaa  the  practical  application  of  ISTVS 
work  to  help  the  user  describe  to  the  designer  the  require* 
aenta  of  hia  vehicle,  and  to  help  thea  both  asaeaa  what  per- 
foraance  can  be  expected  froa  that  vehicle  over  various  types 
of  terrain.  In  the  past,  atateaenta  of  requireaents  have 
necessarily  been  loosely  worded  for  lack  of  any  agreed 
criteria  for  defining  the  characteristics  of  the  vehicle. 
Soaetiaes  this  has  led  to  the  designer  aisinterpreting  the 
user  requireaent.  If  thia  is  then  coapounded  by  a  lack  of 
opportunity  to  run  prototypes  on  realistic  trials,  a  poten¬ 
tially  unsatisfactory  vehicle  aay  cone  into  service,  and 
shortcoalngs  only  becoae  apparent  later  with  perhaps  dis¬ 
astrous,  or  at  least  expensive  results.  The  criteria  and 
assessaents  aethoda  to  be  described  have  applications  to  any 
cross-country  vehicle  where  speed  is  relatively  high,  but 
their  developaent  has  been  priaarily  for  use  in  designing 
Araoured  Fighting  Vehicles  (AFVe).  For  AFVs  there  are  a  wide 
range  of  options  for  aobility  standards.  These  arise  froa 
differing  priorities  for  aobility  in  relation  to  the  payloads 
of  firepower,  protection  and  crew.  Military  vehicles  are 
usually  stretching  technology.  To  save  developaent  tiae  and 
the  expense  of  test  vehicles,  it  is  usually  necessary  to  sake 
aajor  decisions  on  soae  characteristics  froa  paper  studies  at 
the  design  stage.  Even  when  test  vehicles  are  available,  the 
test  areas  likely  to  be  available  in  peacetiae  are  of  soil 
and  topography  very  different  froa  likely  battlefields, and 
perforaance  is  often  aisleadlng^^Soldiers  are  intensely 
practical,  and  do  their  best  wiflT'whatever  they  are  given, 
and  have  little  opportunity  to  poaplain. 


The  author  has  been  involved  in  the  practical  applica¬ 
tions  of  various  aethods  for  predicting  perforaance.  It  has 
been  necessary  to  supply  actual  predictions  to  the  best 

fossible  aoouracy  within  reasonable  bounds  of  tiae,  and  cost. 

he  user  and  the  designer  have  needed  answers,  not  theories. 
The  aia  of  this  paper  is  to  describe  the  aethods  used,  and 
why  they  appear  to  be  the  best:  or  the  least  bad.  It  is  also 
necessary  to  give  warnings  on  the  liaitatlons  of  the  aethods, 
and  froa  this  to  draw  conclusions  as  to  where  future  efforts 
should  be  devoted  to  laproving  the  aethods.  Experience  has 
shown  these  aethods  to  be,  within  their  bounds  of  accuracy 
(and  these  bounds  are  adaittedly  quite  wide),  to  be  reliable. 


The  future  work  of  ISTVS  end  elsewhere  Is  going  to 
iaprove  aethods  of  prediction.  For  instance,  at  present  the 
suitability  of  a  cone  penetroaeter  for  soil  strength  aeasure- 
aent  is  under  scrutiny.  But  until  soae  new  aethod  has  been 
proved,  and  a  fund  of  inforaation  gathered  by  it  built  up, 
the  current  aethods  aust  be  supported. 


Stateaents  of  aobility  can  be  split  between  two  very 
different  foras  of  expression: 

a.  Criteria.  There  can  be  fairly  precise  stateaents 
of  the  levels  needed  of  the  various  vehicle  design 
characteristics.  These  characteristics  include  ground 
pressure,  engine  power,  transaission  efficiency  and 
effectiveness,  suspension  capacity,  and  vehicle  shape 
and  sise. 

b.  Perforaance  Assessaents.  Real  trials  or  paper 
studies  can  show  the  iaplications  of  various  levels  of 
vehicle  characteristics  defined  by  the  criteria,  and 
under  various  stated  ground  oonditions:  aspects  such  as 
Journey  average  speed. 

There  are  four  aajor  influences  which  constrain  vehicle 
perforaance: 

a.  Vehicle  Characteristics. 

b.  Route  chosen  by  the  user:  for  AFVs  the  coaaander. 

c.  Soil,  vegetation,  contours,  and  the  effects  of 
huaan  activity  along  that  route. 

d.  Reactions  of  the  driver  to  the  three  previous 
influences. 

The  first  stage  of  assessaent  is  to  establish  whether  the 
vehicle  has  the  basic  ability  to  nova  along  that  route  at 
all:  traction  aust  exceed  all  resistances,  especially  that 
due  to  sinking  into  the  soil.  Then  there  is  the  instantan¬ 
eous  acceleration  and  resulting  speed  which  build  up  over 
tine  to  a  couplets  Journey. 

Vehicle  characteristics  can  be  stated  in  reasonable 
detail  and  with  reasonable  sccuraoy.  Fairly  staple  assess¬ 
aent  aethods  allow  prediotions  to  be  aade  speedily,  and  with 
confidence  that  the  aoouraoy  of  these  aethods  is  aueh  greater 
than  the  greatest  sources  of  possible  error.  These  aajor 
areas  of  doubt  are: 

a.  Variations  in  soil  strength  froa  occasion  to 
occasion. 

b.  Choice  of  route,  and  driver  reactions  along  that 
route. 
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SINKAGE  AMD  TRACTION 


SmsA.  . 

Tracked  vehicles  for  a  long  time  were  assessed  by  the 
relationship  of  track  ground  contact  area  to  vehicle  weight: 
the  Nominal  Ground  Pressure  (NGP).  This  proved  a  useful 
guide  to  soft  ground  perforaance,  provided  comparisons  were 
between  vehicles  of  generally  similar  running-gear.  NGP  Bakes 
no  allowance  for  variations  in  loading  due  to  the  nuaber  and 
diaaeter  of  the  wheels,  and  the  pitch  of  the  track  link. 

There  is  no  practicable  relationship  between  soil  strength  and 
NGP,  for  calculating  ainkage.  Perforaance  has  had  to  be 
gauged  by  practical  trials.  Many  demonstrations  of  apparent 
mobility  have  been  misleading,  due  to  ill  defined  vehicle 
paraaeters  and  ignorance  of  soil  influences. 

It  was  not  possible  to  coapare  wheeled  with  tracked 
vehicles.  The  NGP  quoted  by  tha  tyre  aanufactures  for  pneu- 
aatic  tyres  is  the  oval  iaprint  on  a  flat  plate,  whereas  the 
fairer  coaparison  would  be  after  soae  sinkage. 

The  United  States  Aray  developed  the  Vehicle  Cone  Index  and 
Rating  Cone  Index  (VCI  and  RCI )  systea  to  aeet  these  require¬ 
ments.  The  VCI  is  a  aeasure  of  vehicle  ability  and  haa 
foraulae  for  tracked  or  wheeled  vehicles.  The  RCI  is  a  rating 
of  soil  strength  measured  with  a  cone  penetroaeter.  Froa 
these  criteria  traction  and  hill  climbing  can  be  forecast. 

The  VCI  was  derived  empirically  froa  the  results  of  mobility 
tests,  and  is  predominantly  NGP  with  soae  correcting  factors. 
It  contains  an  unlikely  coabination  of  expressions.  The 
wheeled  vehicle  VCI  foraula  haa  no  tyre  deflection  term.  The 
foraula  for  tracked  vehicles  has  no  wheel  diaaeter  tern,  and 
is  very  insensitive  to  wheel  nuabers  and  to  track  pitch.  It 
also  haa  arbitrary  factors  of  Halted  extent  for  weight  and 
for  aggressiveness  of  grip.  The  wheeled  and  tracked  foraulae 
are  unweildy,  and  having  suae  and  products,  slow  to  recalcu¬ 
late  variations  of  paraaeters.  The  liaitations  are  eaphasised 
by  later  US  Aray  work  to  derive  soils  nuaerica,  discussed 
later. 

Since  the  VCI  was  so  unwieldy  the  author,  when  in  the 
British  Aray  at  the  School  of  Tank  Technology  (now  the  Araour 
School)  derived  a  staple  NGP  foraula  for  wheeled  vehicles 
that  was  comparable  to  that  for  tracks. 

. , -  ,.Yrti£\i.gj9ii,  ¥tiiav . .. 

>fwheels  x  tyre  radius  x  sectit 


NGP 


fro  ot  wheels  x  tyre  raaiusx  section  width 
Limited  trials  showed  that  this  formula  put  wheeled  vehicles 
into  a  fair  relationship  with  NGP  for  tracked  vehicles,  and 
that  any  error  was  doalnated  by  that  due  to  ignoring  the 
aggressiveness  of  the  track  shoe  or  tyre  tread.  It  provided 
a  readily  calculated  and  useful  yardstick  until  such  tiae  as 
the  Mean  Maxiaua  Pressure  systea  was  developed. 


9Se^iseasureaenf*of  actual  ground  pressures  as  a  tracked 
vehicle  passes  over  a  point  will  show  the  peak  pressures  as 
each  wheel  passes.  It  is  these  aaxiaua  pressures  that  are 

the  sajor  factor  controlling  sinkage.  Weight  distribution 
will  noraally  not  be  equal  on  all  axles,  but  taking  the  seen 
of  these  aaxiaua  pressures  under  each  wheel  station  will  give 
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a  leisure  of  the  expected  sinkage.  A  formula  relating  mean 
maximum  pressures  (MMP)  to  running  gear  parameters  was 
explained  and  published  by  Rowland  in  1972  (Ref  1).  This 
paper  also  gave  an  equivalent  MMP  for  pneumatic  tyred  wheeled 
vehicles.  Also  in  the  paper  were  some  initial  relationships 
of  MMP  to  trafficabil ity .  At  the  same  time  much  the  same 
information  was  published  for  internal  use  of  the  British 
Ministry  of  Defence  in  MVEE  Report  72031. 

Rowland  took  this  work  further  in  1975  (Ref  2).  This 
paper  gave  further  guidance  on  soil  strengths  required  for 
suitable  performance  for  various  levels  of  ground  pressure 
described  by  MMP,  and  gave  design  aims.  Most  important  were 
revisions  and  refinements  of  the  formula  for  MMP  for  wheeled 
pneumatic  tyred  vehicles.  (See  Fig.  1).  It  is  thus  import¬ 
ant  not  to  use  the  outdated  formula  given  in  Ref  1  and  the 
contemporary  MVEE  Report.  This  phase  of  work  was  completed 
by  Rowland  and  Peel  with  Ref  3.  This  related  the  MMP  formula 
for  wheeled  vehicles  to  the  underlying  dimensionless  analysis 
by  Freitag,  as  further  refined  by  Turnage.  (US  Army  Water¬ 
ways  Experimental  Station).  MMP  is  the  equivalent  to  the 
dimensionless  wheel  numeric,  but  expressed  as  a  vehicle 
parameter  and  a  pressure,  rather  than  a  limiting  soil  strength. 
The  MMP  system  still  uses  RCI  derived  by  cone  penetrometer 
for  soil  measurement.  Thus  MMP  is  not  a  new  system,  but  draws 
on  both  the  British  and  US  Army  work,  and  puts  it  in  terms 
easy  for  the  layman  to  understand  and  use. 

Credibility  of  MMP. 

fixaminatio'i"  of  the  formulae  show  that  the  expressions 
are  what  might  be  expected  from  pure  abstract  consideration 
of  the  controlling  factors.  The  originators  of  MMP  accept 
that  it  does  have  limitations.  The  formulae  imply  assump¬ 
tions  that  in  fact  arj  seldom  met: 

a.  Weight  is  evenly  distributed. 

b.  The  vehicle  is  travelling  slowly  in  a  straight  line. 

c.  The  vehicle  has  sufficient  ground  clearance  to 

avoid  bellying. 

d.  It  assumes  the  soil  is  homogeneous,  and  thus 

ignores  any  effect  of  tread  on  a  cohesive  soil. 

The  expression  of  ground  pressure  by  the  MMP  system  is  con¬ 
sidered  the  most  reasonable  criteria  for  vehicle  ground 
pressure.  Its  limitations  are  fewer  than  those  of  other 
systems.  It  is  accurate  enough  to  give  a  clear  indication 
of  potential  performance.  The  MMP  formula  for  wheeled 
vehicles  has  variations  for  the  type  of  soils  cohesive 
(clayey)  or  frictional  (sandy).  Since  a  vehicle  is  more 
likely  to  find  a  cohesive  soil  critical  than  a  frictional 
one,  it  la  normal  to  use  the  formula  for  cohesive  soil. 


Rowland  explained  in  Ref  1  end  3  the  inter-relationships 
between  MMP  and  soil  strength,  and  these  are  shown  in  Fig.  1 
c,  d,  and  e.  It  ia  thus  possible  from  MMP  to  calculate 
tractive  effort,  and  resistance  to  motion  due  to  sinkage  and 
ultimate  failure,  for  various  soils. 
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HUP  as  Poo l*o  Aid. 

In  Ref  2  ia  deaonstrated  how  a  study  of  vahiela  running 
gear  design  can  giva  tha  baat  MMP  for  a  givan  NGP.  A  crawlar 
tractor  can  hava  this  relationship.  * Q •  of  about  1.5.  Typical 
AFV  can  axpoct  to  hava  'Q'  about  2.5.  though  with  special 
features  such  as  tha  overlapping  wheels  of  Panther.  'Q'  can  be 
1.7.  Soae  typical  HHPs  are  given  in  Fig.  2. 

Twinned  Rear  Wheels. 

•hen  running  straight,  twinned  rear  wheels  cannot  give 
their  full  value,  since  half  their  width  will  be  in  fresh 
soil,  and  half  in  the  ruts  left  by  the  front  wheels.  Rowland 
suggests  twinned  rear  wheels  could  be  treated  as  singles. 

But  since  actually  vehicles  find  the  turns  the  critical 
parts  of  a  journey,  when  the  rear  wheels  will  be  clear  of  the 
ruts  of  the  front,  this  seeas  severe.  It  has  therefore 
been  recent  practise  to  calculate  MMP  by  counting  the  four 
twinned  wheels  on  a  rear  axle  as  3.  (Thus  for  a  4x4  vehicle, 
with  twinned  rears,  the  factor  2a  in  the  MMP  foraula  beeoaea 
5). 


cle  of  wheeled  front  axle  and  tracks  at  the  rear 


can  be  assessed  in  two  parts.  The  MMP  for  the  front  is 
calculated  using  K-3.32  in  the  wheels  foraula.  For  the  rear 
the  MMP  tracks  foraula  is  used.  The  weights  on  each  are  as 
distributed.  The  two  MMPs  are  averaged  to  give  a  vehicle  MMP 
with  weighting  to  allow  for  that  weight  distribution. 


r*n,?rovided  towing  vehicle  and  trailer  have  tyres  the 
sane  sise,  and  weight  distribution  is  approxiaately  even,  MMP 
can  be  calculated  treating  the  train  as  one  vehicle  of  partial 
wheel  drive.  If  theae  provisos  are  invalid.  Halting  condi- 
tions  aust  be  calculated  for  the  towing  vehicle  froa  MMP,  and 
the  resistance  of  the  trailer  froa  Soil  Muaerlos  (Ref  3). 


The  MMP  foraulae  have  now  been  in  practical  use  by  the 
British  Ministry  of  Defence  and  their  contractors  for  soae 


eight  years.  Over  this  period  there  have  been  further  ainor 
developments  of  the  systea.  These  have  been  incorporated  in 
the  presentation  of  the  expressions  and  their  derivatives  shown 
in  Fig.  1. 

The  wheeled  vehicle  foraula  has  the  tera 


6/k  ,  for  the 


tyre  deflection.  This  reflects  the  iaproveaeat  that  can  be 
got  by  deflating  tyres.  To  allow  siaple  coaparison  of 
vehicles  under  the  sane  conditions,  it  has  been  noraal  to 
quote  MMP  at  tyre  defleotion  6/h  ■  0.18;  typical  road  infla¬ 
tion  pressure. 

Experience  with  MNP  suggests  that  ia  the  range  of  MMP 
coaaon  for  ailitary  vehicles,  between  100  and  450  kPa,  soae 
20  kPa  is  the  ainlaua  significant  differeaee  of  MMP, 


One  laportant  use  or  MNP  is  f 
tracked  and  wheeled  vehicles.  To  i 
foraance  a  vehicle  with  skid  steer. 


For  oo spar Isons  between 

{lve  a  satisfactory  per- 
ng,  as  are  aost  track- 


layers,  will  nsad  soas  excess  of  traction  when  running 
straight,  so  that  it  can  still  aove  when  the  steering  is 
applied  to  give  negative  traction  on  the  inside.  The  nornal 
wheeled  vehicle  with  ackeraan  steering,  or  tracked  steering 
by  bowing  tracks,  or  an  articulated  vehicle,  does  not  suffer 
this  disadvantage,  and  thus  can  be  expected  to  perfora  under 
soae  condition  with  a  worse  MMP  than  a  skid-steer  vehicle. 

In  search  of  iaproved  performance,  skid-steer  wheeled  vehicles 
have  been  built  (eg  AMX10  RC)  since  this  allows  large  tyres. 
Liaited  trials  indicate  a  penalty  of  skid-steering  equivalent 
to  a  151  Increase  in  ground  pressure. 

Soil  is  seldoa  hoaogeneous,  and  thus  a  large  vehicle 
will  find  it  easier  to  operate  on  deeper  firaer  layers.  Also 
obstructions  such  as  tree  roots,  boulders  and  other  huaps 
are  relatively  saaller  for  the  large  vehicle.  Thus  is  appears 
that  a  larger  vehicle  can  operate  in  soae  particular  going 
with  a  higher  MMP  than  can  a  saaller  vehicle.  This  subject  is 
highly  coaplex,  with  vide  variations  on  the  gradient  of  soil 
strength  with  depth.  In  soae  conditions  a  vehicle  of  high 
ground  pressure  can  dig  in  to  get  grip,  and  pass,  while  one 
of  light  pressure  floats  less  deep,  and  cannot  find  traction. 
At  present  there  is  no  figure  as  to  the  extent  of  this  aaale 
effect. 

An  aggressive  track  link  or  tyre  tread  has  long  been 
accepted  as  generally  beneficial  on  non-hoaogeneous  cohesive 
soils.  Tank  tracks  are  now  generally  fitted  with  rubber  pads 
in  an  atteapt  (often  counter-productive)  to  lialt  da sage  to  - 
roads.  Soae  pads  are  reaovable,  but  this  is  a  slow  job,  and 
leaves  a  cavity  in  the  track-link,  which  then  packs  up  with 
soil,  and  ruins  the  grin  to  such  the  eaae  extent  as  the  pad. 

A  particularly  difficult  condition  Is  on  turf,  which  shears 
off.  Very  liaited  trials  by  the  author  indloate  that  an 
aggreeaive  steel  *read  (eg  Centurion)  any  give  a  benefit 
equivelent  to  a  251  reduction  in  around  pressure,  coapared 
to  a  large  flat  pad.  Maclaurin  (Ref  4)  gives  details  of 
iaproveaents  to  tractive  coefficients  due  to  tread  pattern 
and  tyre  deflation.  For  tyros  with  dual  purpose  road  and 
cross  country  treads  as  used  on  ailitary  vehicles, a  reasonable 
approxiaatlon  of  the  iaproveaent  of  grip  ooapared  with  a  road 
tread,  or  a  saooth  padded  track,  is  equivalent  to  soae  101 
reduction  in  MNP. 

Dry  Sand. 

Operation  in  dry  sand  is  usually  less  of  a  problea  than 
on  cohesive  clayey  soils.  Cohesive  soils  predoainate  in 
critloal  parts  of  teaperate  and  tropical  areas.  Therefore  it 
is  usual  to  quote  MNP  using  the  eehssive  soil  formula  for 
wheeled  vehicles.  (For  traeked  vehicles  the  one  formula  is 
used  for  both  soil  types).  Rowever,  where  a  wheeled  vehicle 
is  being  speeifieally  assessed  for  use  on  dry  eaad  as  in  some 
deserts,  the  appropriate  foraula  should  be  used  (see  Plg.l.g). 
The  flotation  ef  the  tyre  in  dry  sand  is  refleeted  in  the 
relative  inerease  in  the  benefit  ef  tyre  breadth  and  deflec¬ 
tion.  Sinkage  and  thus  resistance  will  depend  on  sand 
density.  This  varies  aerosa  any  erne  dame  aeeerdieg  to  recent 
sorting  ef  the  sand  by  the  wind,  and  any  subsequent  disturb¬ 
ance.  The  sand  gives  increasing  strength  with  depth,  due  to 
surcharge.  There  is  thus  an  enact  of  sonic  aiding  larger 
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vehicles.  Dry  sand  is  disturbsd  by  an  aggressive  tread 
which  would  be  considered  an  advantage  on  clay.  Correction 
factors  for  the  detriaental  effect  are  in  Fig.  l.g.  The  sand 
MHP  foraula  has  only  recently  been  taken  into  use.  It  is 
derived  froa  the  sand  soil  nuaeric  (Ref  3).  Trials  have  yet 
to  conflra  the  constant  'S'  to  sake  the  wheels  sand  MHP  fully 
coaparable  with  tracks  MMP.  The  present  use  of  the  wheels 
sand  MMP  is  for  coaparisons  between  different  wheeled  vehicles, 
and  different  tyre  sites  on  the  one  vehicle.  Vet  inland  sandy 
soil  can  to  a  liaited  extent  be  considered  a  cohesive  soil 
when  using  MMP.  Most  peacetiae  testing  and  training  areas  are 
sandy  soils. 

T*tt  HCtfgSl  ?p  -glahw-  .  ,  ..  ,  .  . 

The  MMP  expressions  aasuae  slow  covenant,  so  that  slnkage 
is  coaplete.  High  speed  denies  tine  for  full  sinkage,  and 
thus  resistance  is  lessened.  Speed  can  provide  the  kinetic 
energy  to  overeoae  the  severe  resistance  of  a  short  soft  patch. 
Power  and  low  ground  pressure  are  interrelated,  and  lack  of 
one  can  to  soae  extent  be  coapensated  by  the  other. 


Traction. 

“he  traction  froa  the  ground  to  overeoae  air,  gradient, 
hard-ground  rolling  resistance,  and  soil  sinkage  will,  on 
cohesive  soils  (clay),  depend  on  the  soil  strength  and  the 
vehicle  ground  contact  area.  Vhere  the  soil  is  frictional,  as 
in  sand  or  on  a  hard  surfaoe,  traction  is  by  frictional  forces, 
so  proportional  to  weight.  Most  soils  are  a  aixture  of 
cohesive  and  frictional  types.  Apart  froa  deserts,  an  aggres¬ 
sive  tread  generally  pays.  The  traction  will  have  soae  pro¬ 
portionality  to  weight.  A  "coefficient  of  adhesion"  can  be 
used  like  a  coefficient  of  friction,  to  give  a  total  traction 
force  which  ie  proportional  to  weight.  Soae  exaaples  are: 


Coefficient  of  Adhesion 

Dry  rough  conorete 
Dry  clay  loaa 
Vet  clay  loaa 
Daap  gravelly  sand 
Loose  dry  sand 
Dry  snow 
Ice 


Cross-country  tyre 

Steel  track 

0.8-1. 0 

0.45 

0.5-0. 7 

0.9 

0. 4-0. 5 

0.7 

0.3-0. 4 

0.35 

0.2-0. 3 

0.3 

0.2 

0.15-0.35 

0.1 

0.1-0.25 
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vehiole  near  the  Halt  of  traction  will  have  signifi¬ 
cant  track  or  wheal-slip.  Peak  traction  often  ooours  at  about 
20$  slip:  with  negligible  slip  at  only  very  low  tractive 
efforts.  Thus  a  vehiole  will  often  be  suffering  slip  of  soae 
significance  without  being  near  failure,  and  without  the  crew 
being  aware  of  it.  This  slip  aunt  be  allowed  for  in  calcu¬ 
lations  of  speed  aade  good.  Little  data  is  available  for  the 
aaouat  at  higher  speeds,  and  thus  slip  is  seldoa  taken  into 
aooount  in  perforaanee  assessaents. 
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Considerable  losses  are  involved  for  an  engine  installed 
in  a  vehicle  coapared  with  on  a  teat  bed.  There  are  further 
losses  in  the  tranaaission.  A  definite  statement  is  needed 
of  power  actually  available  at  the  sprockets  or  wheels. 

If  the  tranaaission  is  continuously  variable  (CVT)  the 
engine  can  run  all  the  tias  at  its  peak  speed.  If  there  are 
a  series  of  gear  steps,  for  such  of  the  speed  range  the 
engine  will  be  giving  less  than  its  peak  power.  A  graph  of 
power  against  ground  velocity  shows  a  saw-tooth  shape  as  power 
rises  to  a  peak  in  each  gear.  The  relationship  of  the  area 
under  this  saw-tooth  shape  to  the  whole  area  gives  the  power 
available  effectively  over  the  whole  speed  range:  the  Effect¬ 
ive  Power.  The  closeness  of  effective  power  to  peak  power 
will  depend  on  the  torque/ speed  characteristics  of  the  engine, 
and  the  nuaber  of  gears.  Soae  examples  of  efficiencies  and 
effectiveness  affecting  net  power  are  given  below: 

Engine  Installation  Losses:  about  15$ 

Tranaaission  Losses: 

Gearbox:  Spur  Gears:  Epioyelie  gears:  CVT 
7$  10$  22$ 

Final  Drive  losses:  about  4$ 

Gearbox  Effectiveness:  4  gears:  6  gears:  8  gears:  CVT. 

(diesel  engine)  81$  87$  91$  100$ 

Thus  for  a  1000  HP  engine  with  6  epicyolic  gears: 

1000x.85x.9x.96  -  734  peak  HP  at  aprooket, 

734x0.87  -  639  effective  HP  over  whole  speed  range. 

The  running  gear  will  have  inertia  resistance  when 
accelerating.  There  are  very  few  published  records  of  running 
gear  inertias.  If  coaplete  vehicle  data  is  not  available, 
the  rotational  inertia  of  an  APV  running  gear  aay  be  taken  as 
equivalent  to  10$  of  vehicle  gross  weight  if  tracked,  and  15$ 
if  wheeled. 

The  tracked  running  gear  will  give  a  hard-road  resistance 
to  notion  of  34  to  5$  dependent  on  track  weight,  pitch  and 
tension.  Resistance  increases  marginally  with  front  sprocket 
rather  than  rear.  A  typical  figure  for  hard  road  resistance 
would  be  4$. 

An  all-wheel-drive  wheeled  vehiole  has  a  hard  road 
resistance  of  about  2$  with  full  differential  action.  When 
off  the  road  the  wheeled  vehicle  will  usually  have  greater 
sinkage  resistance.  These  bard  ground  resistances  should  be 
added  to  the  sinkage  resistances  shown  in  Fig.  3.  In  Fig.  3 
is  a  line  narking  the  combination  of  soil  softness  and  ground 
pressure  where  sinkage  resistance  reaches  about  20$.  This 
is  suggested  as  the  realistic  maximum  if,  after  allowing  for 
the  additional  hard  ground  resistance,  therm  is  to  be  suffi¬ 
cient  traction  available  to  use  for  acceleration,  hill 
ellabing,  and  naneouverlng. 
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speed  cannot  be  us ad  to  the  full.  At  other  tinea,  obstacles 
such  as  ditches  are  saaller  to  the  large  vehicle,  so  speed  is 
helped.  In  Halting  conditions  site  will  often  help:  thus 
soft  tilth  is  less  deep.  Turning  circle  is  often  iaportant 
in  reaching  confined  spaces.  In  good  going  the  sharp  turning 
circle  of  skid  steering  is  a  great  asset,  though  in  Halting 
conditions  full  use  of  it  any  halt  the  vehicle.  Ground 
clearance,  side-slope  stability,  approach  and  departure  angles 
of  the  vehicle,  and  for  wheeled  vehicles  the  under- vehicle 
clearance  between  axles,  are  other  iaportant  secondary  charac¬ 
teristics.  The  characteristics  of  past  vehicles  give  guidance 
as  to  satisfactory  levels. 


ASSESSMENT  0 T  JOURNEY  TIME. 

Portr*ffi  section  describes  the  aethods  used  to  forecast 
perforaance  over  a  journey  by  siaulation  using  a  coaputer 
based  aodel.  Ideally,  real  vehicles  would  be  driven  over 
real  routes,  but  this  is  seldoa  possible.  Tests  would  need 
to  be  done  in  all  seasons.  In  Europe,  trial  and  test  areas 
are  often  on  unrepresentative  heathland,  since  its  infertility 
aakes  it  unwanted  for  faraing,  and  thus  available.  Ita  fira 
sandy  soil  stands  up  well  to  the  continuous  traffic  it  aust 
bear.  Rich  cohesive  clayey  soil  would  becoae  a  quagaire. 

It  is  therefore  necessary  to  cull  all  the  inforaation  possible 
froa  whatever  realistic  tests  there  nay  be,  and  extrapolate 
this  by  aodelling.  The  experienced  person  has  always  done 
this  aentally  to  a  certain  extent.  The  aodelling  aerely  does 
it  aore  formally  and  thoroughly. 

The  siaulation  allows  "runs"  by  vehicles  yet  to  be  built, 
and  these  runs  can  be  readily  repeated  with  various  vehicle 
paraaaters  altered,  different  route  conditions,  and  drivers  of 
different  aptitudes.  The  use  of  a  coaputer  allows  inforaation 
to  be  logged  on  a  scale  that  would  be  lapraeticable  without 
a  comprehensively  lnstruaented  test  vehicle.  The  coaputer 
prograa  oan  sort,  process  and  print  the  inforaation  in  a  fora 
ready  for  use.  The  results  froa  the  siaulation  can  show  the 
user  performances  for  various  options  of  concepts,  with  the 
current  equipaent  for  eoaparlaon.  The  designer  can  try  out 
various  ideas.  The  results  froa  the  siaulation  oan  be  trans- 

?osed  into  test  routines.  They  allow  calculation  of  component 
ivea  and  fuel  consumption.  Peacetiae  tests  and  training  will 
be  on  heathland.  Both  peacetiae  and  war  routes  Bust  be 
eodelled.  The  results  of  the  siaulation  can  have  a  wide  use. 
An  eneay  tank  oan  be  slaulated  to  provide  details  of  target 
behaviour  for  use  in  fire  control  study.  Both  own  and  eneay 
aoveaents  can  be  used  in  war  gaaing. 


ae  external  influences  oan  affeot  vehicle  perforaance 
Just  as  auob  as  its  own  aeehaaioal  characteristics.  It  is 
not  possible  to  get  realistio  results  for  all  phases  of 
vehicle  use,  since  there  are  so  aany  assuaptions  that  would 
have  to  be  aade  on  these  external  constraints.  However, 
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there  are  oany  circumstances  when  a  vehicle  will  be  driven  aa 
faat  aa  possible,  and  when  the  aeauaptiona  can  be  defined  and 
juatified,  and  froa  theae  can  be  got  a  good  guide  to  vehicle 
ability.  There  are  conditions  of  traffic  or  tactical  con¬ 
straint  under  which  the  driver  does  not  drive  as  faat  aa 
possible,  and  personal  interpretations  of  the  aoat  suitable 
speed  vary  widely.  If  the  driver  is  holding  the  vehicle  back, 
the  sinulation  ceases  to  be  vehicle  aaaessaent,  and  becoaea  a 
study  of  huaan  factors.  The  aobility  of  the  vehicle  la 
iaportant  for  those  aoaents  when  it  will  be  fully  extended, 
and  thus  the  siaulation  aust  aodel  thee.  Even  so,  variations 
in  ground  conditions  and  driver  behaviour  can  produce  auch 
greater  ranges  of  perforaance  variation  than  vehicle  attrib¬ 
utes.  Purtheraore,  a  good  driver  will  take  great  trouble  at 
critical  aoaents  to  aitlgate  the  worst  shortcoaings  of  the 
vehicle.  Thus,  with  a  diesel  engine  with  turbo-charger,  or  a 
gas-turbine,  with  aarked  lag  in  throttle  response,  the  driver 
anticipates  power  deaand,  ir  necessary  dissipating  early 
weaker  response  by  the  brakes.  Thus  an  intrioats  aodel  to 
siaulate  extreae  detail  of  vehicle  reaction  aay  not  be  warran¬ 
ted  by  the  relative  else  of  errors  due  to  outside  conditions, 
and  also  aay  be  confounded  by  the  reactions  of  the  driver.  It 
is  thus  possible  to  take  a  siaple  approach  to  the  aodel. 

The  Matheaatical  Model. 

The  siaulation  aonitors  vehicle  position  along  the  route, 
noting  froa  the  stored  data  the  instantaneous  gradient  and 
surface  resistance.  It  looks  ahead  along  the  route  to  aeasure 
the  distance  to  the  next  hasard,  such  as  a  buap  or  a  bend,  and 
froa  its  record  of  speed  Halts  at  hasards  on  the  route,  and 
knowledge  of  instantaneous  speed,  applies  the  brakes,  and  then 
liaits  engine  power  deaand  to  hold  the  required  speed  liait 
through  the  hasard.  The  Journey  la  a  large  nuaber  of  flat-out 
sprints  ended  by  braking  for  a  hasard,  and  interspersed  by  the 
hasard  speed  Halts.  The  aodel  refers  to  the  stored  data  for 
engine  torque,  gear  ratios  (including  any  torque  converter  or 
other  coupling  effects)  appropriate  to  ground  speed,  takes 
account  of  losses  and  inertias,  and  derives  instantaneous 
acceleration.  Minor  sub-routines  operate  during  gear  changes, 
or  when  tractive  effort  exceeds  grip.  The  calculation  is 
reiterated  at  a  rate  which  is  a  cosproalse  between  oost  and 
aocuracy.  A  regular  l/lOth  second  gives  sufficient  aocuraey 
bearing  in  aind  the  other  large  uncertainties. 

Route  Selection. 

Actual  routes  froa  real  pieoes  of  ground  aust  be  recorded 
and  used  for  the  siaulation.  The  user  will  confound  any 
statistical  handling  of  routs  paraaeters.  The  natural  land¬ 
scape  pattern,  and  nans'  subsequent  use  gives  treads  to  the 
ground  characteristics.  The  prise  task  of  the  driver  is  to 
asks  the  best  use  of  the  ground!  ainlalsiag  any  handicaps. 
There  are  soae  aodel s,  and  soae  receiving  soae  favour,  which 
treat  areas  of  slailar  characteristics  as  "patches'* ,  for  which 
averaged  criteria  foraatters  suoh  as  gradient  and  surface 
roughness  are  used.  This  can  be  alsleadlng.  The  work  vehicle 
fetching  and  carrying  will  choose  the  easiest  route,  and  the 
faraer  working  the  soil  the  cost  appropriate.  The  AFT  erew 
choose  a  route  to  keep  theaselves  in  sight  of  their  friends 


giving  covering  fire,  and  out  of  eight  of  the  eneay,  and  to 
avoid  any  riek  of  getting  bogged.  A  so  called  "cross-country" 
journey  will  in  Europe  run  such  of  the  distance  on  roads  or 
tracks.  When  near  the  axis  these  aake  it  worth  a  snail  detour 
to  use  thea  for  greater  speed,  with  flraer  saoother  surfaces, 
and  culverts  over  ditches. 

An  exaaple  of  the  difficulty  in  interpreting  statistical 
stateaents  on  terrain  is  the  oft  quoted  characteristic  of 
percentage  trafficability.  This  gives  no  guidance  as  to  the 
ease  with  which  a  route  aight  be  picked  between  patches  that 
are  iapassable.  An  area  aight  have  say  lOf  non-trafficable 
due  to  one  deep  fast-flowing  river  with  steep  high  banka. 

To  soaebody  trying  to  aove  across  the  river  it  is  a  coaplete 
stop  to  nobility,  but  perhaps  little  penalty  If  aoving  astride 
the  river.  Another  area  could  also  be  10 t  non-trafficable 
due  to  water  obstacles,  but  with  it  in  saall  lakes  and  ponds 
with  fira  ground  inbetween,  allowing  a  route  to  be  picked 
with  little  difficulty  in  any  direction  to  any  part  of  the 
area. 

Attributes  such  as  soil  and  gradient  control  the  resis¬ 
tance  which  the  vehicle  aust  suffer,  and  roughness  gives  the 
suspension  speed  Halt.  Modelling  of  an  AFV  in  MV  Europe 
can  be  Halted  to  open  country,  since  in  towns  and  seal-urban 
areas,  and  in  woodland,  tactioal  constraints  will  often  lialt 
speed.  The  open  faraland  is  the  good  tank  country,  where  a 
tank  will  aove  as  fast  as  possible  froa  one  tactical  bound  to 
the  next,  and  where  autoaotive  perforaance  will  be  critical. 
The  arable  land  has  been  subject  to  aany  years  of  tilling,  and 
so  is  quite  saootht  saooth  enough  for  a  tank,  even  with  rela¬ 
tively  poor  suspension,  to  aove  with  speed  unliaited  by 
roughnessi  even  downhill  in  the  dry  season.  Valley  pasture  is 
also  usually  saooth  due  to  its  origins  as  silted  scoured 
valleys.  For  drainage  or  demarcation,  fields  tend  to  be 
bounded  by  ditches,  banks  or  walls,  whioh  fora  quite  severe 
buaps,  and  a  block  to  vision  beyond.  Thus  they  fora  quite  a 
severe  hasard  that  aust  often  be  taken  quite  slowly.  During 
the  season  of  standing  crops,  the  driver  in  a  low  vehicle  aay 
not  be  able  to  see  hasards  until  close,  and  aust  rely  on  his 
coaaander  telling  hla  when  it  is  safe  to  go  at  full  speed. 

On  roads  and  tracks  the  two  speed  Halts  are  bends  and 
traffic.  For  an  AFV  in  actual  eoabat,  the  "traffic”  will  be 
in  the  fora  of  destroyed  vehicles,  and  if  there  is  any  riak 
of  delay  or  aabush,  such  hasards  would  be  detoured. 

*lt*Is*onJy0§y  collecting  routes  chosea  in  realistic 
scenarios  that  the  treads  for  route  characteristics  will 
eaerge.  It  would  be  exceedingly  difficult  to  choose  routes 
without  first  visiting  the  area,  since  asps  do  not  show  enough 
topographical  detail,  and  photographs  need  to  be  taken  at 
driver  eye  level.  The  area  aust  also  be  visited  to  record 
details  of  the  profile  and  soil.  The  length  of  route  needed 
is  considerable.  For  aay  one  landseape  pattern  routes  total¬ 
ling  a  few  hundred  klloaetres  aust  be  chosen  and  reeorded. 
Analysis  of  those  routes  will  show  the  behaviour  of  route 
paraaeters  such  as  gradients,  sells,  use  of  road  and  traoks. 


and  the  unimpeded  movement  distance  between  haaards  (OMD). 

Once  this  pattern  is  known,  a  sample  route  can  be  selected  for 
modelling,  soae  lOka  long,  containing  representative  dis¬ 
tributions  of  the  parameters.  Such  samples  must  be  collected 
for  each  area  of  a  particular  landscape  pattern,  and  for  each 
type  of  use.  Thus  for  a  tank,  attack  routes  have  trends 
different  to  those  for  withdrawal. 

Route  preparation  is  an  expensive,  protracted,  but 
critical  part  of  the  simulation.  In  default  of  the  realistic 
routes,  short  representative  routes  of  about  1km  can  give 
preliminary  indications  of  performance.  Experience  with  the 
simulations  has  shown  the  importance  of  the  choice  of  route, 
the  need  for  long  samples,  and  the  misleading  results  that 
arise  when  the  route  is  dealt  with  less  realistically. 

Interactive  Events. 

The  effect  of  a  hasard  on  the  vehicle  or  driver  depends 
on  its  position  along  a  route,  and  will  provoke  different 
reactions.  Thus  if  still  going  slowly  having  just  moved 
forward  from  a  fire  position,  a  ditch  oblique  to  the  axis 
might  be  crossed  at  once,  because  it  would  cause  little  delay. 
But  if  the  ditch  was  met  at  speed,  a  detour  might  be  made  to 
cross  it  later.  Changes  in  gradient  and  changes  in  soil  soft¬ 
ness  are  highly  interactive.  With  a  normal  gearbox,  a  timely 
down  hill  stretch  can  allow  the  engine  to  pull  away  after  a 
gear  change.  Any  attempt  to  simplify  route  selection  could  be 
misleading.  Synthetic  routes  can  only  be  used  for  very 
limited  parametric  variation  to  check  modelling  sensitivity, 
not  for  actual  assessment.  There  seems  to  be  no  statistical 
Justification  for  using  anything  other  than  routes  taken  from 
natural  terrain,  chosen  for  their  realism  by  knowledgeable 
users. 

I&ft.  Prim-  ,  w 

Drivers  vary  in  boldness,  appreciation  of  ground,  and 
skill  at  the  controls.  The  cautious  driver  will  slow  right 
down  at  a  bump  that  could  be  " flown"  at  speed.  The  injudi¬ 
cious  will  not  slow  down  as  required  at  a  hasard,  and  then 
will  have  to  slow  when  he  could  have  been  going  fast  again  to 
allow  the  other  crew  members  to  recover,  and  to  recover  his 
own  nerve.  The  skilled  driver  will  sake  perfect  manual  gear 
changes,  or  override  the  automatic  box  just  where  needed  to 
Inhibit  unwanted  gear  changes t  others  loose  time  and  punish 
the  vehicle. 

It  would  be  very  difficult  to  get  accurate  details  of 
driver  behaviour  over  the  very  routes  used  for  simulations, 
and  thus  assumptions  have  to  be  made.  A  thoroughly  obedient, 
consistent  tat  timid  driver  has  been  used  in  the  modelling 
that  forms  the  background  to  this  paper.  Ra sards  are  never 
"flown*,  tat  always  approached  with  oautloa.  Braking  and 
cornering  are  always  done  at  the  speeds  to  ensure  the  crew  are 
not  dlseoafitted.  This  allows  consistent  and  simple  inter¬ 
pretation  of  route  Information. 

It  has  been  found  for  BV  Europe  that  DMD  of  soae  500a 
might  be  typical.  The  different  Interpretations  by  the  drivers 
of  hasard  severity  will  tend  to  alter  DM0.  However,  for  the 
sorts  of  powers  being  considered  for  AFVs  of  some  25  HP/Ton 
the  results  are  not  very  sensitive  to  DM0.  (Bee  Pig.  4). 


Suspension. 

Suaps  are  a  frequent  hasard  which  Halts  speed.  These 
speed  Halts  aust  be  included  in  the  siaulation.  Before  a 
run  is  aodelled  the  route  aust  be  previewed,  and  suspension 
speed  liaits  established  throughout  its  length.  The  suspen¬ 
sion  preview  needs  considerable  detail  of  the  route.  The 
whole  aicro-profile  aust  be  plotted.  Account  aust  be  taken 
of  the  extent  this  will  be  flattened  as  the  vehicle  deforas 
the  soil,  and  the  extent  to  which  reaaining  buaps  will  be 
bridged  by  track  links.  The  soil  deforaation  takes  tlae,  and 
acts  as  additional  buap  absorption  adding  to  that  of  the 
suspension.  The  driver  can  also  help  the  vehicle  over  a 
severe  buap.  All  this  aust  be  accounted  for. 

At  present  so  little  inforaation  is  available  on  route 
aicro-profile  that  any  atteapt  to  aodel  suspension  behaviour 
as  part  of  the  siaulation  would  be  aisleading:  as  it  is  on 
soae  aodels  that  do  so.  Luckily  it  is  possible  to  prepare 
buap  Halting  speeds  beforehand,  and  incorporate  thea  in  the 
aodel  input. 

For  NW  European  faraland,  as  already  described,  for  an 
AFV  within  a  field,  or  on  roads  and  traces,  it  can  be  assuaed 
suspension  is  not  a  speed  Halt.  The  buap  speed  Halts  coae 
at  field  boundaries,  or  banks  when  joining  a  road.  Taking 
into  account  the  Halts  to  vision  froa  crops,  and  the  caution 
of  the  assuaed  driver,  these  will  usually  be  taken  at  a  very 
slow  speed.  Due  to  the  high  speeds  that  are  attained  at  other 
points  along  the  route,  the  results  are  not  sensitive  to  the 
actual  speed  that  aight  be  considered  "slow”.  See  Fig.  5. 

Thus  speed  at  buaps  can  be  chosen  arbitrarily:  say  2  a/s. 

For  other  terrain  such  as  Savanna  andHeathland,  where 
this  assuaption  is  unsound,  during  the  dry  season  high  powered 
vehicles  representative  of  various  suspension  ability  can  be 
driven  down  the  routes  to  establish  Halting  speeds.  These 
vehicles  need  not  necessarily  be  of  the  right  type:  thus  a 
High  Nobility  Load  Carrier, the  Alvis  Stalwart, running  with  a 
little  ballast  at  the  rear  can  set  a  good  standard.  At  the 
slower  liaits,  an  unladen  truok  with  leaf  springs  can  be  used. 

3tmlqg- 

Speed  liaits  on  bends  on  roads  are  set  by  Uniting  side 
force,  with  crew  ooafort  the  criterion.  Power  absorption 
then  la  insignificant.  Cross- country,  sharp  turns  are 
noraally  Bade  going  slowly,  so  the  power  used  will  not  affect 
speed.  At  speed,  turns  are  usually  relatively  snail,  and 
thus  power  dissipated  in  steering  insignificant.  Thus  power 
consuaed  in  the  steering  oan  noraally  be  ignored.  However, 
when  taking  evasive  aaneouvres,  such  as  weaving  to  avoid  being 
hit,  the  power  needed  is  a  aajor  consideration,  and  account 
aust  be  taken  of  power  used. 


VALIDATION 


The  aajor  output  of  the  siaulation  is  the  average  speed. 
Kxaaples  are  shown  in  Pig.  6.  It  will  be  seen  that  relatively 
ainor  changes  in  soil  strength  are  the  equivalent  of  aajor 
changes  in  vehicle  potential.  Thus  the  aajor  constraint  in 
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accuracy  is  the  lack  of  Information  In  detail  on  the  varia¬ 
tion  of  aoil  strength  froa  occasion  to  occasion. 

I*s^aple  aoSef^is  aost  vulnerable  to  inaccuracy  during 
strong  acceleration  froa  a  standing  start.  The  simulations 
with  which  the  author  has  been  concerned  had  good  confirmation 
of  realisa  by  the  close  aatch  of  standing-start  sprints  bv 
relatively  high  powered  AFVs  on  a  hard  surface.  Further 
validation  is  got  by  driving  a  vehicle  along  the  whole  routes 
modelled,  to  compare  actual  results  with  those  of  the  simu¬ 
lation.  However,  this  needs  a  fair  sample  of  drivers,  and  a 
large  recording  team  to  take  soil  strength  measurements  before 
there  could  be  any  changes.  Thus  for  practical  reasons, 
validation  is  dependent  on  circumstantial  evidence.  However, 
as  an  example  of  the  order  of  accuracy,  the  validation  of 
standing-start  sprints  showed  that  the  natch  was  sensitive  to 
the  aerodynamic  form  factor:  and  this  for  AFVs  limited  to 
90  km/h.  Confirmation  of  assumptions  on  driver  behaviour  has 
been  possible  by  monitoring  their  performance  in  a  driving 
simulator.  This  has  been  on  a  ooaplex  one,  with  a  full  land¬ 
scape  model  allowing  the  driver  to  piok  a  route.  The  vehicle 
characteristics  can  be  adjusted  to  assess  driver  behaviour 
over  a  range  of  performances. 


CQMCLP3I0BS. 

The  mobility  simulations  can  give  realistic  results  and 
allow  the  derivation  of  detailed  data.  The  key  issues  are  the 
route,  and  the  strength  of  the  soil  along  it,  and  the  inter¬ 
pretation  of  the  route  by  the  driver.  By  comparison,  vehicle 
characteristics  are  known  in  finer  detail,  and  a  complex  model 
can  simulate  the  vehicle  very  thoroughly.  8uoh  detailed 
modelling  has  its  uses  for  the  study  of  component  behaviour. 
However,  to  give  detailed  forecasts  of  performances  in  service, 
there  must  be  good  samples  of  truly  representmtlve  routes, 
with  full  knowledge  of  the  variations  of  the  soil  strengths, 
and  of  driver  behaviours.  Since  the  collection  of  such  infor¬ 
mation  is  a  lengthy  task,  simulations  will  perforce  have  to  be 
done  on  route  samples  shorter  than  ideal,  and  with  ground 
conditions  known  for  only  a  limited  number  of  occasions,  with 
little  knowledge  of  true  distributions.  Knowledge  of  driver 
reaction  is  also  likely  to  be  limited. 

With  such  a  wide  margin  of  uncertainty  due  to  these  in¬ 
fluences,  a  simple  model  can  simulate  the  vahiola  character¬ 
istics  with  commensurate  accuracy.  This  can  be  quick  and 
cheap  to  run.  It  also  allows  most  effort  to  be  put  to  collec¬ 
ting  more  acourate  information  on  those  compelling  external 
influences.  Indeed,  should  some  vehicle  have  an  idiosyncrasy 
that  at  times  penalises  it,  and  which  might  show  up  in  a 
detailed  model,  the  modelling  could  mislead,  since  the  idio¬ 
syncrasy  is  likely  to  be  alleviated  by  the  driver  making 
allowances  for  it. 

The  simulations  have  their  uses  where  the  vehicle  is 
driven  fully  extended  without  the  driver  holding  hack  for  any 
constraining  eircunatmacee,  and  where  the  vehicle  is  act  at 
risk  of  getting  bogged. 
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When  comparing  vehicles  of  very  different  ground 
pressures,  simulations  which  include  sections  of  route  where 
vehicles  are  liable  to  get  stuck  can  be  misleading,  since 
drivers  would  be  likely  to  choose  routes  to  suit  the  vehicle 
ground  pressures.  To  assess  performance  in  heavy  going  a 
clearer  judgement  can  be  got  by  consideration  of  the  basic 
criteria  of  ground  pressure,  expressed  in  the  MMP  system,  and 
with  knowledge  of  the  power  to  weight  ratio.  Secondary 
criteria,  such  as  size,  shape,  and  turning  circle  are  also 
impr-tant. 
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The  fluctuating  loads  encountered  In  all  mobile  applications  give  rise  to  the 
oscillations  of  speed  of  diesel  engines  which  are  the  main  cause  of  deterioration 
of  the  performance  of  these  ermines.  This  lowers  the  power  output  and  fuel 
economy  of  engines  used  in  mobile  applications.  Various  attempts  made  to 
apply  the  control  engineering  to  the  engine  governing  problems  have  made 
it  dear  that  an  optimum  matching  of  the  parameters  of  engine,  governor  and 
load  is  necessary  to  achieve  the  best  fuel  economy  and  power  parameters 
of  the  engine. 


The  large  number  of  parameters  encoimterod  which  do  net  remain  constant 
for  the  fuM  speed  and  power  range  as  well  as  during  the  entire  service  life 
of  angina  make  the  task  of  governing  difficult  in  spite  ef  all  the  complexities 
introduced  in  mechanical  governors,  h  is  shewn  here  thet  the  microprocessor 
application  to  the  §»wraing  of  diesel  engines  is  alone  capable  of  providing 
the  optimum  control  using  the  FID  and  other  advanced  algorithms  for  various 
sppllrations  during  the  entire  service  life  of  engine. 


Diesel  ezines  have  established  themselves  in  ail  heavy  duty  applications 
dua  to  their  higher  fuel  economy.  They  however,  have  a  very  serious  short¬ 
coming  of  instability  of  working  undar  cortain  spoad  and  Mad  ranges  (1)»  which 
may  Mad  to  its  runaway  beyond  safe  spaed  limits  and  Ihtrefors  a  safety  hazard 
or  to  another  extreme  of  stalling  (Fig.  IX  This  was  realised  in  the  early  years 
of  invention  of  diesel  engines  and  centrifugal  gevernor  used  for  the  governing 
of  speed  of  steam  engines  was  adapted  to  control  the  speed  of  diesel  engines 
also.  The  same  principM  is  used  even  today  extensively  Mr  speed  governing 
of  dMeai  engines. 

The  required  stability  of  working  of  engines  was  not  obtained  in  many  instances 
and  difficult ias  In  fha  proper  saMctlen  of  parameters  ef  the  gsvemer  ware 
experienced.  Hunting  used  to  remit  M  many  cases  Tbs  necessity  of  scMnttfic 
jnvtotlgwMn  ef  the  process  of  governing  was  Mh  M  order  to  provide  the 
sebdMn  to  dw  prwbMms  encountered. 

The  attempts  of  tho  BngtMi  astronomer  Eric  In  IttO  and  MaxewB  to  IMS  tZ) 
are  worth  mentioning  hare  who  applied  the  methods  ef  mathematical  analysis 
to  the  problems  encountered  when  wing  centrifugal  governors.  Their  work 


«  Aeett.  Fro  feasor,  Department  of  Moctowlcal  inMnaorlng 
«•  Resoar ch  Scholar,  Popart ment  ef  Aeronautical  IngMearing 
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has  served  as  a  practical  mathematical  tool  in  control  engineering  and  has 
helped  in  the  development  of  control  engineering  as  a  separate  wench  of 
engineering. 

Theoretical  contributions  to  the  theory  of  governing  were  made  by  various 
other  scientists  like  Chebyshev  in  1171,  Vyshnigradald  in  1877  and  Stodola, 
Rouse,  Hurvitz,  Mikhailovsky  and  Liapunov  later  to  name  a  few.  Vyshnigradski 
published  in  his  paper  graphical  representation  of  the  regions  of  stable,  unstable 
and  indeterminate  stability  in  1877  [2]  which  are  widely  used  in  analysing 
the  engine  governor  system  and  are  known  as  Vyshnigradski  diagrams. 

All  the  above  efforts  as  well  aa  later  advances  in  control  onglnooring  have 
not  boon  able  to  provide  the  mathematical  solution  required  to  do  angina 
governing  problems  and  the  design  and  development  of  engine  governors  hove 
largely  remained  experimental  and  empirical  in  nature.  This  ts  due  to  the 
large  number  of  variables  of  the  engine  as  well  as  that  of  the  leads  to  which 
the  diesel  engines  are  subjected  to  in  their  numerous  mobile  applications 
(transport,  agriculture,  construction  and  road  making  machines,  military  loco¬ 
motives  etc.). 


The  centrifugal  governors  used  even  today  have  some  of  the  serious  short¬ 
comings  which  give  rise  to  increese  in  specific  fuel  consumption  and  doersass 
in  power  output  of  those  units  when  oubfoctod  to  dynamic  towdtatg  in  com  per  Won 
with  the  corresponding  values  tmdsr  static  operation  under  laboratory  conditions. 


The  mein  reason  for  the  deterioration  of  performance  of  dteoel 
the  appearance  of  oscillations  of  speed  of  engine  crankshaft  whet 
to  fluctuating  loads  in  mobile  applications.  It  has  bean  shown  in  this 
that  only  microprocessor  control  is  capable  of  taking  all  the  variables  into 
account  encountered  in  various  applications  to  which  diesel  engines  are  sub¬ 
jected  to  and  provide  all  round  boot  porter  manes  by  keeping  the  speed  fluctua¬ 
tions  to  the  minimum.  The  mechanical  governors  in  spite  of  all  the  complexi¬ 
ties  introduced  ffkw  double  sensing  leaps,  toed  bock  links,  indirect  governing, 
torque  end  speed  correction,  variable  spring  stiffness)  an  not  capable  of 
meeting  the  requirements  of  dynamic  loading  in  various  applications  in  on 
optimum  manner.  The  loos  of  power  and  fuel  economy  can  bo  upse  29 


Many  attempts  hove  boon  made  in  the  poet  war  years  to  apply  the  theory 

of  control  engineering  in  order  to  understand  the  erratic  behaviour  and  knprsvo 
the  performance  of  engine  governor  systems. 

Thus  Bujak*s  paper  tat  1889  (Jl  outlines  the  itscsssity  of  treating  Mm  problem 
of  governing  of  dloool  anginas  dynamically  instead  of  otorinaMy-  Ms  has  pointed 
out  to  the  Importance  of  the  affect  of  Irletlea,  Inertia,  dywbosl  affect  and 
time  lag  on  the  performance  of  governor.  Ha  has  suMHtad  appsaatahate  oapree- 
•ions  for  the  transfer  function  of  angina.  As  agreed  by  the  author  himself 
dm  theory  presented  Is  greatly  abridged  and  has  emphasised  dm  need  lor 
detailed  analysis. 

Wsiboum  and  ethers  (#1  published  a  paper  tat  1898  on  the  investigation  of 
dm  pro  talent  i  encountered  tat  the  aporatian  ef  hydraulic  tpaad  governors.  Working 
of  an  unstable  engine  governor  was  tatvurtgatad  by  dm  authors.  An  attempt 

■»  Wl  pipVf  W  liPI  irMSV  w  OppVy  WW  VURT  OS  QOmnN  mpnMnM  IQ 
mm  pnwwmt  91  |OVCfnl1|t  MTniQISI  Of  90VVVO  Of  mO  O^mmQM  oo  mfpnm- 
IMOI  OI  UNIUW  SO  Ww  prOOOTI®  Tam  UpWStRglOO  OnO  nOCOfflljr 
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of  collaboration  between  engine  industry,  end  academic  institutions  has  been 
emphasized  by  the  authors. 

The  necessity  of  taking  the  effect  of  various  parameters  of  the  engine  governor 
system  on  its  operation  has  been  highlighted  by  Oldenburger  in  a  paper  pre¬ 
sented  to  the  American  Society  of  Mechanical  Engineers  in  IMS  [ll  He  has 
suggested  a  design  of  the  hydraulic  governor  with  a  dash  pot  which  makes 
it  possible  to  adjust  the  various  parameters  and  thus  change  the  time  leg 
of  the  governor  to  improve  the  performance  of  the  system.  He  has  shown 
how  with  the  change  of  parameters  of  the  system  the  frequency  response 
and  transient  response  characteristics  can  be  varied  to  achieve  the  desired 
results. 

The  improvement  of  the  performance  with  load  sensing  has  been  proposed 
by  Webb  and  Tanota  [6]  and  Blair  [7J,  This  has  been  found  useful  in  diesel 
generating  set  application  in  order  to  meet  their  exacting  speed  requirements. 

It  should  be  pointed  out  here  that  in  almost  all  the  cases,  the  frequency  res¬ 
ponse  curves  for  the  engine  and  load  system  were  obtained  either  experimentally 
or  through  approximate  analysis  of  the  system  and  the  engine  trensfer  function 
arrived  at  using  Bode's  plot. 

The  approach  cited  above  has  limited  uility  from  engine  governor  synthesis 
point  of  view  since  it  does  not  tefce  into  eccount  the  basic  constructional 
and  operational  parameters  of  the  system  and  cannot  therefore  be  of  practical 
value  for  developing  engine  governor  system. 

Boons  [$]  in  departure  from  the  above  authors  who  have  used  the  continuous 
control  theory,  tried  to  apply  the  sampled  dote  control  theory  to  the  engine 
governor  system  in  order  to  take  into  account  the  pulsed  nature  of  worfcirg 
of  engine.  It  is  to  be  pointed  out  here  that  the  sampled  data  control  theory 
it  not  quite  valid  to  centrifigual  speed  control  since  the  speed  is  continuously 
sensed  by  it  and  the  time  lag  of  engine  is  not  a  fixed  quantity  and  may  vary 
from  zero  to  the  Arstion  of  one  cycle  depending  on  at  which  instant  of  engine 
cycle  has  the  rack  adjustment  t alien  place. 

Krutov  [9,10,11,12,13]  in  his  various  books  end  papers  published  has  presented 
an  integrated  approach  to  the  engine  governor-load  system.  He  baa  given 
a  detailed  derivation  of  the  differential  equations  of  the  engine  and  governors. 
The  equations  have  been  derived  from  the  first  principle  and  therefore  the 
various  coefficients  contained  in  the  equations  can  be  calculated  from  the 
constructional  and  operational  parameters  of  the  engine  and  governor. 

The  use  of  Routh  Hurvitz  criteria,  Vyshnigradstd  diagrams,  root  locus  plots, 
frequency  characteristics  and  logarithmic  frequency  characteristics  etc.  has 
been  amply  illustrated  to  achieve  optimum  design  and  synthesis  ef  the  govern- 
ktg  system.  The  methods  ef  calculations  end  plotting  of  transient  speed 
characteristics  has  been  shown  which  is  necessary  for  judging  the  quality 
ef  dynamic  characteristics  (Fig.  3)  of  the  system. 

The  equations  ef  engine  and  its  various  elements  presented  below  dearly 
shew  the  interaction  of  various  parameters  of  system  of  importance  which 
have  to  bo  taken  into  account  for  achieving  a  quality  governing  (11)  i 
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SYNTHESIS  AND  DYNAMICS  OP  ENGEC-GOVERNt*  SYSTEM 

The  synthesis  and  investigation  of  the  dynamics  of  diesel  engine  is  carried 
out  by  the  simultaneous  solution  of  the  above  differential  equations  of  the 
engine  and  its  various  elements,  governor  and  load.  Besides  verifying  the 
stability  of  working  of  engine -governor  system,  the  quality  of  governing  is 
ascertained  by  the  nature  of  variation  of  speed  during  transient  operation.  The 
system  of  governing  of  engine  should  be  such  that  the  maximum  overshoot 
of  speedysettling  time  and  degree  of  insensitivity  of  governor  do  not  exceed 
the  design  values  under  all  possible  working  conditions. 

An  examination  of  the  above  equations  makes  it  clear  that  the  system  of 
engine,  governor  and  load  comprises  of  a  large  number  of  interacting  parameters. 
Many  of  these  parameters  change  in  a  wide  range  for  the  variation  of  load 
and  speed  encountered  and  do  not  remain  constant  during  the  service  life 
of  engine  due  to  the  wear  and  tear  of  the  engine,  fuel  system  and  governor 
parts. 


Ftsaaacy  Is^sbss  Chararttristics  of 
Emmfr-ugwnior  sftnwi  s 

The  results  of  investigations  carried  out  by  Krtnetski  (lb)  to  study  the  effect 
of  various  parameters  of  engine,  governor  and  load  for  unsupercharged  engines 
on  the  amplitude  of  fluctuation  of  speed  of  engine  with  the  variation  of  fre¬ 
quency  of  variation  of  load  is  shown  in  Pig.  *.  It  can  be  seen  that  the  amplitude 
of  fluctuation  of  speed  varies  widely  for  different  engines,  fuel  system,  trans¬ 
mission  and  load  parameters.  The  optimum  matching  of  the  parameters  of 
engine,  control  system  and  load  is  therefore  essential  to  achieve  minimum 
amplitude  of  oscillation  of  spaed  of  engine.  The  fluctuation  of  speed  of  engine 
under  varying  loads  is  responsible  for  the  deterioration  of  its  power  and  fuel 
economy  parameters. 

Pig.  Xs)  thews  the  variation  of  amplitude  of  oscillation  of  engine  with  the 
frequency  of  variation  of  load  for  different  values  of  time  constants  occurring 
in  the  aquation  of  direct  acting  governors.  It  can  be  seen  that  the  values 
of  these  parameters  have  a  very  significant  affect  on  the  amplitude  of  fluctua¬ 
tion  of  spaed  and  sharply  expressed  resonance  of  frequency  of  oscillation 
of  speed  can  occur  for  certain  values  of  these  parameters. 
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Fig.  Mb)  shows  the  seme  lor  indirect  acting  governors  with  acceleration  sensing, 
flexible  feed  beck  connection  and  astatic  governor  with  broken  characteristic 
of  servomotor.  It  can  be  seen  that  this  improves  the  quality  of  governing 
considerably  under  certain  conditions. 

It  was  concluded  on  the  basis  of  the  above  investigations  that  with  proper 
matching  of  the  parameters  of  engine,  load  and  indirect  acting  governors 
with  automatic  control  of  transmission  can  achieve  the  minimum  fluctuation 
of  speed  of  engine  under  dynamic  loading.  The  design  of  governor  however 
becomes  very  complicated  and  costly  and  cannot  meet  the  requirements  of 
all  the  applications  in  which  the  engines  are  used. 

PEIEggMATON  9E  JWpKMAMaE 

SUBJECTED  TO  VARYING  LOADS  til 

The  fluctuation  of  speed  of  engine  under  varying  loads  affects  the  quantity 
of  fuel  and  air  supplied  and  the  thermal  conditions  of  the  engine.  The  injection 
timing  for  the  varying  speed  and  load  conditions  also  does  not  remain  optimum. 
The  quick  change  of  positive  and  negative  accelerations  of  crankshaft  leads 
to  over  regulation  causing  sharp  decrease  of  brake  parameters  of  engine  and 
even  to  its  stalling. 

The  deterioration  of  fuel  injection  characteristics,  charging  and  scavenging 
of  cylinders  and  changing  thermal  conditions  during  speed  fluctuations  of 
crankshaft  together  with  the  varying  velocity  and  nature  of  motion  of  fresh 
charge  in  the  combustion  chamber  leads  to  the  deterioration  of  air  fuel  mixing 
and  combustion  inside  the  cylinder,  which  leads  to  higher  smoke  density. 

The  inertia  of  mechanical  devices  for  automatic  control  of  injection  advance 
to  quickly  changing  loads  and  speeds  lead  to  deviation  of  injection  advance 
from  its  optimum  value.  This  leads  either  to  increased  roughness  of  combustion 
or  late  burning  during  expansion  stroke. 

In  the  case  of  turbo  charged  engine  the  air  supplied  is  not  sufficient  for  com¬ 
plete  combustion  of  fuel  due  to  inertia  of  the  rotor  of  turbocharger  and  mis¬ 
matching  of  the  characteristics  of  the  turbocharger  and  the  engine  results 
during  transient  working. 

The  friction  losses  during  transient  working  change  due  to  the  charge  in  the 
hydrodynamic  lubrication  conditions  and  thermal  lag.  This  coupled  with  the 
power  required  to  increase  the  kinetic  energy  of  moving  parts  during  accelera¬ 
tions,  greater  losses  during  gas  exchange  processes  and  decrease  of  mean 
indicated  pressure  of  cycle  leads  to  lower  brake  poster  output  of  the  engine 
•then  working  under  varying  loads  than  when  the  load  is  constant. 

The  wear  of  various  parts  of  engine  also  intensifies  under  dynamic  loading 
in  comparison  to  the  stable  working  conditions  due  to  deterioration  in  lubri¬ 
cation  conditions,  increased  maximum  force  and  rate  of  rise  of  these  forces 
on  various  bearings.  The  steer  under  dynamic  loading  can  be  30-40  percent 
higher  than  under  stable  storking  conditions.  The  fuel  consumption  may  thus 
be  higher  by  upto  20%  whan  working  on  fluctuating  loads  and  the  arsines 
are  derated  by  10-23%  by  power  output  and  10-13%  by  speed  in  order  to 
maintain  identical  service  life.  This  can  be  clearly  seen  in  Fig.4. 

It  is  therefore  doer  that  the  spaed  fluctuations  of  angina  whan  subjected 
to  dynamic  loads  should  be  kept  as  minimum  as  possible. 


The  torque  speed  characteristic  of  a  diesel  engine  has  a  flat  shape  and  is 
one  of  the  reasons  which  necessitates  the  mounting  of  governor  on  a  diesel 
engine.  The  parameters  characterizing  the  torque  speed  characteristic  are: 
M  -  M 

y  -  — - ~  *  coefficient  of  reserve  of  turning  moment, 

Mr 

nM 

and  K  =  — - coefficient  of  speed 

n  nr 

where, 

MmaX  ‘  maximum  torque  developed  by  the  engine 

Mr  -  torque  developed  at  the  rated  power  output, 
n^  -  speed  at  maximum  torque, 

nr  -  rated  speed  of  engine. 

>  The  maximum  allowable  loading 
;  subjected  to  dynamic  loading  has 
to  be  reduced  as  discussed  earlier  and  the  value  of  the  optimum  loading 
coefficient,  „ 

„  mopt 

KLopt  =  ~~w;  { 

the  coefficient  of  brake  specific  fuel  consumption 

K  ^em 

««opt  g^ 

the  coefficient  of  power  output,  mean  and  minimum  speed  at  optimum  loading 
point  vary  with  y  as  shown  in  Fig.7. 

It  can  be  seen  that  with  increase  of  u  the  power  output  and  fuel  economy  para¬ 
meters  improve  and  the  optimum  torque  speed  correction  is  therefore  neces¬ 
sary  for  an  engine  for  a  given  application. 

GntPtim  «  The  power  and  economy  parameters  of  diesel  engines 

have  maximum  values  at  an  optimum  value  of  speed  coefficient  and  decrease 
with  an  increase  or  decrease  of  the  value  of  the  speed  coefficient  (Fig.  8V. 
The  decrease  is  more  the  higher  is  the  loading  and  the  oscillations  of  speed 
of  the  engine.  At  higher  values  of  coefficient  of  speed  not  only  power  output 
of  engine  decreases  but  its  control  also  becomes  more  difficult.  The  speed 
coefficient  should  therefore  have  an  optimum  value  depending  on  the  type 
of  application  and  the  loading  cycle  encountered. 

GOVEUWG  CHARACTERISTICS  [11, 1) 

The  coefficient  of  non-uniformity  of  speed  and  the  degree  of  insensitivity 
of  governor  affect  the  working  of  engine  to  a  great  extent.  The  values  of 


these  parameters  do  not  remain  constant  (or  the  complete  speed  range  encoun¬ 
tered  in  various  applications  and  increase  as  speed  decreases.  The  various 
measures  adopted  for  overcoming  this  drawback  like  using  idle  spring,  main 
sprirg  with  variable  inclination  and  variable  stillness  etc.  only  partly  solve 
the  problem. 

Os— a  ad  Insensitivity  t  For  a  high  degree  ol  insensitivity  of  governor,  the 
speed  doeT  not  correspond  to  the  instantaneous  value  of  load.  This  leads  to 
the  reduction  of  output  of  engine,  overconsumption  of  fuel  and  makes  the 
control  of  engine  more  difficult. 

When  the  degree  of  insensitivity  is  very  small,  the  high  frequency  oscillations 
of  load  on  the  engine  crankshaft  may  give  rise  to  oscillations  of  fuel  pump 
rack  under  certain  conditions.  The  oscillations  affect  the  working  of  governing 
system,  may  even  lead  to  over  regulation  and  increase  the  wear  of  parts 
of  governor. 


Coefflclawt  Ol  Ham  — Mprmltv  of  Saood  of  governor  is  determined  by  its  con¬ 
structional  features  and  in  particular  the  stiffness  of  spring.  Very  small  values 
of  this  parameter  may  give  rise  to  instability  of  working  of  diesel  engine 
under  fluctuating  loads  and  greater  values  may  induce  high  oscillations  of 
speed  and  impermissibly  high  maximum  idling  speed.  This  makes  the  control 
of  engine  more  difficult  and  increases  wear  of  engine. 

urinrenretine  COHTROL  OP  DKXL  ENGME3 

It  is  clear  from  what  has  baen  said  above  that  the  mechanical  governors 
developed  for  a  given  application  are  not  capable  of  providing  the  flexibility 
necessary  for  meeting  the  requirements  of  the  wide  ranges  of  speeds  and 
loads  encountered  in  mobile  applications  for  the  entire  service  life  of  engine. 
When  using  the  same  engine  in  a  different  application,  the  mechanical  govern¬ 
ing  system  cannot  provide  the  optimum  control  of  engine  and  deterioration 
of  performance  of  engine  usually  results. 

The  microprocessor  control  of  speed  can  be  most  sophisticated  by  incorporating 
the  PID  and  other  advanced  control  algorithms  [111  The  coefficients  of  these 
algorithms  can  be  changed  for  varying  loads  and  speeds  as  well  as  condition 
of  engine.  The  torque  speed  correction  can  be  introduced  in  the  software 
thus  flexibly  changing  the  coefficients  of  reserve  of  torque  and  speed  depending 
on  tho  rtauftromonts  of  Istdi  oncountmd  An  t  nirticulir  —uphtfaML  tk* 
control  of  optimum  injection  advance  whan  added  to  the  spaed  control  can 
ensure  maximum  fuel  economy  and  power  output  with  minimum  amissions 
and  keeping  the  speed  fluctuations  to  a  minimum  under  ail  operating  conditions. 

Microaroceseor  control  can  be  introduced  for  various  tveas  of  fuel  systems 

apg^e  we  vas  ^wwe  awn  na^^wa  erev^ssm 

like  accumulator,  distributor  and  jerk  pump.  It  is  easier  to  introduce  the  injec¬ 
tion  advance  control  on  distributer  and  accumulator  type  fuel  systems.  The 
adaptive  control  strategy  can  rtdict  the  tolerance  across  the  vehicle  population 
M  omriorvuin  wewn  ourra  mo  unncf  uxi  oi  ongmo  wim  nn  nwr|Vi 
for  omloolon  control.  Tht  nwwUin|  of  control  AlporithRit  md  implomontotion 
of  microorocottor  Drocroms  con  iMlkintlv  roduco  onoinoorfcno  dovoloomofit 
time  to  approach  an  optimum  design.  The  turn  around  time  for  electronic 
systems  development  is  meee—d  in  ho—  and  minutes  rather  than  days  required 
xor  mo  rowonung  of  mocnontcoi  oirvnponontSe 


The  alactreniciHy  control  tad  fuel  system  becomes  a  hiftiy  standardiaad  product 
compared  to  the  endless  variety  of  mechanical  calibrations  raquirad  for  various 


103? 


engines  end  applications  encountered.  Thus  a  single  pump  can  be  mass  produced 
with  a  simple  zero  calibration  and  the  individual  engine  calibrations  are  con¬ 
tained  in  the  software. 

There  is  also  the  potential  to  program  the  system  to  diagnose  and  correct 
malfunctions  and  EGR  control,  altitude  compensation,  starting  control,  trans¬ 
mission  control,  idle  speed  control,  and  various  other  information  on  vehicle 
cruise  and  fuel  consumption  can  make  the  microprocessor  control  the  most 
cost  effective  solution. 


cqncubiow 

It  is  clear  from  the  above  discussion  that  the  mechanical  controls  are  not 
in  a  position  to  meet  the  requirements  of  various  mobile  applications  in  which 
diesel  engines  are  used.  The  microprocessor  control  is  capable  of  providing 
the  flexibility  necessary  for  the  optimum  control  of  speed  and  keep  the  fluc¬ 
tuation  of  speed  to  a  minimum  thus  ensure  all  round  best  performance  of 
diesel  engines  used  in  mobile  applications. 

Nomenclature 

A  -  coefficient  of  disturbing  force  of  governor; 
b|(  -  stiffness  of  dashpot  spring} 

E  -  restoring  force  of  governor} 
gc  •  cyclic  fuel  delivery; 

Gc  -  rate  of  flow  of  air  through  the  compressor; 

G(  •  rate  of  flow  of  air  through  the  engine} 

Gf  -  rate  of  consumption  of  fuel; 

Gy  -  rate  of  flow  of  gases  through  the  turbine; 
hc  •  compressor  blade  angle  setting} 
hy  •  turbine  blade  angle  setting; 

H|  lower  calorific  value  of  fuel; 
i  •  number  of  cylinders  in  the  engine; 

J  -  mass  moment  of  inertia  of  the  moving  parts  of  engine 

?T  •  mass  moment  of  inertia  of  rotating  parts  of  turbo-compressor; 

h£  -  index  of  polytropic  compression  in  compressor; 

n(  -  index  of  polytropic  expansion  in  turbine; 

Nl  •  load  setting; 

PQ  -  pressure  of  air  after  compressor} 

PT  •  pressure  of  gases  before  turbine; 
t  •  arithmetic  mean  period  of  micro-fluctuation  of  load; 

T  -  arithmetic  mean  period  of  macro-fluctuations  of  load; 

Ug  -  ratio  of  speeds  of  governor  and  engine; 

UA  -  ratio  of  dashpot  lever; 

V#  -  volume  of  exhaust  manifold; 

V.  -  volume  of  inlet  manifold; 
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•  displacement  of  dashpot) 

-  displacement  of  governor  tleevet 

-  coefficient  of  excess  air* 

•  non-dimensional  parameter  of  change  of  toad  setting) 

-  non-dimensional  parameter  of  change  of  position  of  speed  setting  lever; 

-  arithmetic  mean  value  of  the  amplitude  of  mi  cro-f luctuationt  of  load) 

-  arithmetic  mean  value  of  the  amplitude  of  macro-fluctuations  of  load) 

•  time  interval) 

-  brake  thermal  efficiency  of  engine) 

-  volumetric  efficiency  of  engine) 

-  coefficient  of  viscous  drag) 

•  density  of  air  in  the  inlet  manifold) 

-  number  of  strokes  per  cycle  of  engine) 

-  angular  speed  of  rotation  of  engine  crankshaft) 

-  angular  speed  of  rotation  of  turbocom pressor) 

-  reduced  mass  of  the  moving  parts  of  the  governor) 
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ELECTRONIC-COMMUTATOR  AC/OC  MOTOR-ORIVEN  TRACKED  ALL-TERRAIN  VEHICLES 
WITH  EXTREMELY  HI6H  NOBILITY 


B.T.  FIJAtKOWSKI  M. G.  Bakkaro  dadioatin 

THE  THADDEUS  KOSCIUSZKO*  MEMORIAL  CRACOW  POLYTECHNIC ,  CRACOW,  POLAND 


INTRODUCTION 

'Tracked  all-terrain  vehicles'  Is  a  general  tens  which  Includes  all  types 
and  sites  of  soft  tret  land-  and  snow- traversing  vehicles.  All  such  equip¬ 
ment  must  meet  the  highest  standards  of  safety,  comfort,  reliability, 
flexibility,  durability  and  mobility  and  work  under  the  most  arduous  oper¬ 
ating  conditions.  Because  of  their  unique  all-terrain  capab 1 1 1 1 las ,  the  > 

tracked  all-terrain  vehicles  are  also  used  for  nonmil Itary  purposes,  par-  J 

ticularly  in  those  cases  where  extremely  high  mobility  over  difficult  ter¬ 
rain  1s  required.  For  example,  these  vehicles  can  be  used  In  conjunction 
with  electrical  power  transmission-  and  natural  gas  or  oil  pipe-line  erec¬ 
tion  and  the  servicing  and  maintenance  of  existing  transmission-  and  plpe- 
- 1 1 nes . 

The  key  to  the  exceptional  all-terrain  capabilities  of  the  tracked  all-ter¬ 
rain  vehicles  are  their  low  specific  ground  pressures.  These  are  as  little 
as  100  hPa  tdien  fully  loaded,  which  are  less  than  half  the  specific  ground 
pressure  of  an  adult  and  about  twice  the  value  of  person  moving  over  snow 
on  skis.  This  means  that  fully  loaded  tracked  all-terrain  vehicles  can  ne¬ 
gotiate  soft  wet  land  ie  swamps,  which  will  be  Impossible  for  any  wheeled 
off-road  vehicle  and  extremely  difficult  for  anybody  on  foot.  Their  out¬ 
standing  oversnow  capabilities  make  them  equally  mobile  over  land  covered 
by  deep  snow.  Besides,  the  tracked  all-terrain  vehicles  in  their  standard 
versions,  with  normal  tracks  are  fully  amphibious  without  any  special  pre¬ 
parations  having  to  be  taken.  — 

At  present,  greater  and  greater  demands  ere  being  pieced  on  manufacturers 
not  only  for  safety,  comfort,  reliability,  flexibility,  durability  and  mo¬ 
bility  but  also  for  energy  saving,  particularly  liquid  fuel  economy  of  all 
vehicles. 

Today’s  complicated  energy  situation  will  make  It  necessary  to  give  great¬ 
er  priority  In  the  use  of  electrical  energy  In  modern  newly  designed  en- 
*rgy- saving  propulsion  systems  for  tracked  all-terrain  vehicles  with  ex¬ 
tremely  high  mobility.  In  most  cases  these  propulsion  systems  permit  the 
feeding  beck  electrical  energy  to  the  energy  store  In  conjunction  with 
braking  of  the  vehicle. 

In  different  parts  of  the  world  today  there  Is  a  lot  of  activity  going  on 
with  construction  of  such  energy-saving  propulsion  systems  for  tracked  al I- 
-terreln  vehicles  with  extremely  high  mobility.  Among  many  proposed  ideas, 
thoseof  hybrid-electric  propulsion  systems  are  dominant.  Hybrid-electric 
propulsion  systems  ere  hybrids  In  which  at  least  one  of  the  energy  stores, 
sources  or  convertors  can  deliver  electrical  energy1. 


*  Thaddau a  Kotoiuaako,  1748-1817.  Polish  patriot  and  gamral.  Hta ring 
rtudiod  mginoaring  and  military  Booties  in  how,  ha  joinad  hmarioan 
revolutionary  foroaa;  taparvisad  bldg  of  V  Point  fartifiaatiam. 
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Modern  newly  designed  energy-seving  hybrid-electric  propulsion  systems 
work  on  tracked  all-terrain  vehicles  are  being  done  with  only  two  energy 
sources  and  therefore  are  considered  only  Internal-combustion  (1C)  engine/ 
traction-duty  (TO)  storage  battery  -  hybrid-electric  propulsion  systems  tn 
which  there  are  liquid  fuel  for  the  1C  engine,  and  a  secondary  TO  storage 
batteries  for  the  traction  etactric  motors  or  motorized  wheels  driving  the 
vehicle  tracks. 

In  the  'series'  hybrids  they  use  an  1C  engine-driven  brushless  and  com¬ 
mutator  lass  alternat Ing-current  (AC)  generator  ie  alternator  or  brushless 
electronic-commutator  direct-current  (DC)  generator  which  recharges  TO 
storage  batteries  and  supplies  trectlon  brushless  electronic-commutator 
AC/DC  motors  or  motorized  wheels. 

In  the  'parallel'  hybrids  they  use  an  1C  englne-driven/supercharglng  brush¬ 
less  electronic-commutator  0C  dynamotor  which  acting  as  a  0C  generator  re¬ 
charges  TO  storage  batteries  and  acting  as  a  DC  motor  supplied  by  TO  stor¬ 
age  batteries  supercharges  1C  engine.  It  is  a  simple  method  of  obtaining  a 
very  considerable  Increase  in  power  and  liquid  fuel  economy. 

The  productivity  of  these  tracked  all-terrain  vehicles  is  determined  by  the 
amount  of  electrical  energy  available  in  the  storage  batteries  and  propul¬ 
sion  system  efficiency. 

electronic- commutator  AC  or  0C  motors  and  motorized  wheels  can  be  widely 
used  in  modern  newly  designed  energy-saving  hybrid-electric  propulsion  sys¬ 
tems  for  tracked  all-terrain  vehicles.  With  torque  and  speed  control  it  is 
possible  to  vary  the  power  Input  to  AC  or  OC  motors  and  motor i zed  wheels 
using  modern  power  electronics.  The  rapid  development  of  power  electronics 
and  contemporary  monocrystal  and  amorphous  semiconductor  electrical  valves 
during  the  last  two  decades  allows  one  to  select  either  an  AC  propulsion 
system  (eg,  AC  generator  ie  alternator  and  three-  or  five-phase  etactronlc- 
- commutator  AC  motors)  or  a  OC  propulsion  system  (eg,  electronic-commutator 
OC  generator  and  electronic- commutator  OC  motors).  In  these  cases  vdtere 
speed  control  with  low  losses  Is  desired. 

STATE-OF-THE-ART,  _L2SS 

As  an  historical  side-light,  it  can  be  mentioned  that  tracked  all-terrain 
vehicles  were  used  for  nonmilitary  purposes  in  the  beginlng  of  20th  cen¬ 
tury.  An  early  1900s  'Mol Is-Aoyce'  half  track  vehicle  (snowmobile),  in 
which  Vladimir  lllch  Ulyanov  -  Lanin  was  driven  (Fig.  1)  is  at  the  Lenin 
Museum  In  Gorki  (30  km  from  Moscow),  USSR. 

A  1970s  small  half  track  snow- traversing  vehicle  manufactured  In  the  USSR 
la  shown  in  Figure  2. 

In  1970s,  the  traditional  method,  particularly  before  the  oil  crisis,  was 
to  control  the  speed  of  the  propulsion  system  for  tracked  all-terrain  ve¬ 
hicles  with  conventional  transmission  toothad  gears,  usually  providing  for 
selection  of  only  three  or  four  specific  rotational  speeds  of  the  1C  en¬ 
gine's  crankshaft  fdr  a  given  ground  speed;  with  hydraulic  or  magnetic 
couplings,  etc. 

The  present  inability  to  harness  the  1C  engine's  peak  powar  at  all  ground 
speeds  should  soon  be  remedied  with  the  introduction  of  continuously  vari¬ 
able  transmission  (CVT),  which  in  combination  with  tome  tingle  gearing 
makes  it  possible  to  choose  a  continuous  range  of  1C  engine's  crankshaft 
rotational  speeds  associated  with  a  given  power  output,  which  can  be  se¬ 
lected  automatically  by  a  microprocessor-based  propulsion  controller.  In 
most  cases  these  were  good  solutions  to  the  torque  and  speed  control  prob¬ 
lem  In  view  of  the  low  Investment  costs  and  moderate  operating  costs  then 
prevailing.  While  conventional  transmission  toothed  gears  had  high  effi¬ 
ciencies,  the  CVT  of  that  day  employed  a  torque  convertor  for  coupling  the 
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1C  ang i n« ' t  crankshaft  to  th«  transmission  gear  sots,  which  introduced 
•norgy  losses  that  were  tolerable  for  the  tC  engine  powered  tracked  ell* 
'terrain  vehicles,  but  significantly  increased  the  energy  constsaptlon  of 
the  electronlc-comsutetor  AC /DC  Motor-driven  vehicles.  Now  that  the  costs 
of  energy  have  Increased  a  calculation  of  the  I  rivet  t  merits  node  today 
shows  that  the  costs  representing  tosses  constitute  a  considerable  propor¬ 
tion  of  the  total  costs. 

Energy-saving  hybrid-electric  propulsion  tysteait  using  nlcroprocessor- 
- based  propulsion  controller  for  tracked  all-terrain  vehicles  with  ex¬ 
tremely  high  Mobility  then  become  an  attractive  alternative. 

Till  now  propulsion  systaaa  for  tracked  all-terrain  vehicles  operate 
through  tranoalsslon  toothed  gears,  which  can  be  Integral  with  vehicle 
assembly.  There  Is  no  doubt  that  from  the  viewpoint  of  the  energy-saving 
toothed-gearless  hybrid-electric  propulsion  systaMS  for  tracked  all-ter¬ 
rain  vehicles  themselves  the  uta  of  a  separata,  low-frequency  brushless 
elect ron i c- eoaMutator  AC  or  DC  Motor  on  each  driving  axle  preferably  dir¬ 
ectly  driving  the  tracked  vehicle  wheel  without  any  reduction  gear  or 
motorized  wheel  directly  driving  the  vehicle  track  Is  the  Ideal.  This  ar¬ 
rangement  will  produce  the  minimtxn  maintenance  and  the  most  robust  equip¬ 
ment.  Unfortunately  the  need  for  variable  torque  and  speed  operation  of 
these  energy-saving  toothed  gearless  hybrid-electric  propulsion  systems 
has  in  the  past  made  this  Ideal  difficult  to  realize.  It  has  necessitated 
the  use  of  variable  low-frequency  1C  engine-driven  rotating  generating 
plant.  In  Itself  has  this  plant  proved  to  be  either  expensive  or  difficult 
to  maintain.  It  Is  not  surprising,  therefore,  to  find  that  when  static 
electronic  commutators  for  electrical  Machines  bees—  available  in  the 
1960s,  capable  of  fulfilling  this  need,  that  they  should  be  tried.  These 
early  static  electronic  commutators  for  electrical  Machines  used  aonocrys- 
tal  semiconductor  controlled  valves  called  thyristors  in  bridge  connect¬ 
ed  circuit  using  forced  comautatlon  technique. 

The  rapid  development  In  the  performances  of  gate  turn-off  (CTO)  thyris¬ 
tors  called  trlglstors  during  early  1970s  significantly  changed  this  pic¬ 
ture  as  it  was  clear  that  electronic  commutators  using  trlglstors  in  a 
matrix  connected  circuit  could  be  considered,  the  turn-off  tine  of  trigis- 
tors  being  at  least  an  order  better  than  thyristors.  Turn-off  tine  of 
trig! 
using 

ics  in  a  matrix  connected  circuit  will  be  considered  and  used. 

EMCkSY-MbltW  TOOTHfD-CEAAUSS  HYBRID-ELECTRIC  BROPUtStOjl  SYSTEMS 
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The  energy-saving  toot hod-pear lass  hybrid-e lac trie  propulsion  system  rep¬ 
resents  an  interfaca  batsmen  the  1C  engine-driven  brushless  canautatorless 
AC  generator  le  alternator  or  brushless  electronic-coMamtator  8C  generator 
and/or  the  on-board  T®  storage  batteries  and  the  traction  brushless  elec¬ 
tron  ic-comeutat  or  AC/DC  Motors  directly  driving  the  tracked  vehicle  wheels 
without  any  reduction  gears  or  Motorized  wheels  directly  driving  the  ve¬ 
hicle  tracks,  having  the  overall  function  of  controlled  energy  conversion 
from  chemical  Into  mechanical ,  Mechanical  Into  olectrlcel  or  chmaical  Into 
electrical  and  electrical  into  Mechanical .  Recently,  It  makes  available 
solution  for  satisfactory  design  of  a  tracked  all-terrain  vehicle  having 
performance  and  propulsion  quality  comparable  with  tracked  all-terrain  ve¬ 
hicles  powered  by  a  direct  Injection  turbocharged  1C  angina  with  the  CVT. 
Because  of  their  simple  and  robust  design  traction  brushless  etectronic- 
-  commutator  AC  or  DC  motors  and  motorised  wheals,  would  bo  preferable  to 
the  traction  rotat Ing-machenoel act r leal -cosmutator  AC  or  DC  motors  and 
motor itad  wheals  for  any  torque  and  spaed  control  applications,  part  leu- 
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Ijrly  in  modern  newly  designed  energy-saving  toothed-gear less  hybrid-elec¬ 
tric  propulsion  systems  for  tracked  all-terrain  vehicles  with  extremely 
high  mobility.  The  torque  and  speed  control  of  traction  brushless  elec¬ 
tronic-commutator  AC  or  DC  motors  and  motorized  wheels  using  direct  AC-AC 
(cycloconverter-type)  and  indirect  AC-AC  (DC  link-type)  or  direct  DC-AC 
( inver ter- type)  electronic  commutators  gives  large  benefits  for  these  pro¬ 
pulsion  systems. 

In  recent  years  a  very  rapid  development  of  direct  and  indirect  electronic 
commutators  has  taken  place.  It  is  now  technically  possible  to  use  such 
electronic  conmutators  for  torque  and  speed  control  of  traction  brushless 
electronic-commutator  AC  or  DC  motors  and  motorized  vA^eels  in  new  energy- 
-saving  toothed- gear  less  hybrid-electric  propulsion  systems.  The  use  of 
direct  and  indirect  electronic  commutators  has  already  been  automatically 
accepted  in  these  propulsion  systems  and  as  the  costs  of  contemporary  elec 
trical  valves  fall  their  use  will  be  extended. 

1C  engines.  Today’s  most  efficient  1C  engine  for  electronic-commutator  AC/ 
DC  motor-driven  tracked  all-terrain  vehicles  is  the  diesel  (D)  engine  (it 
is  difficult  to  find  a  more  efficient  energy  source). One  of  the  inherent 
advantages  of  this  1C  engine  and  of  some  other  1C  engines  in  which  liquid 
fuel  is  injected  directly  Into  the  cylinder  Is  that  the  efficiency  falls 
more  slowly  then  the  efficiency  of  otto  engines,  in  which  the  fuel  and  air 
are  mixed  before  being  drawn  into  the  cylinder.  Another  advantage  is  that 
unlike  otto  engines,  they  do  not  have  to  be  fed  extra  fuel  when  they  are 
started  cold.  In  calculating  the  fuel  economy  of  modern  newly  designed  en¬ 
ergy-saving  toothed-gearless  hybrid-electric  propulsion  systems  for  track¬ 
ed  all-terrain  vehicles  it  is  assumed  that  the  vehicles  will  be  equipped 
with  direct- Inject  Ion  turbocharged D  engines.  The  rotational  speed  of  the 
1C  engine’s  crankshaft  can  be  regulated  by  an  eiectro-hydraul ical ly  (or, 
as  an  alternative  elect ro-pneumat ical ly)  controlled  engine  speed  control¬ 
ler.  The  control  shaft  of  the  latter  is  coupled  to  the  engine  fuel  pump  by 
means  of  an  adjustable  linkage  system  and  the  angular  position  of  the  con¬ 
trol  shaft  determines  the  rotational  speed  of  the  1C  engine’s  crankshaft. 
Special  attention  has  been  devoted  to  coping  with  1C  engine  exhaust  fumes 
in  order  to  reduce  the  impurities  in  the  ambient  air  as  far  as  possible. 
The  1C  engine  exhaust  fumes  are  thus  filtered  in  a  catalytic  cleaner  and 
then  in  a  scrubber.  From  the  tatter,  the  exhaust  gases  are  carried  through 
a  pipe  down  under  the  vehicle.  The  1C  engines  are  in  themselves  very  si¬ 
lent  and  In  combination  with  the  systems  used  for  cleaning  exhaust  gases, 
the  total  noise  Is  strikingly  low. 

The  1C  engines  drive  the  following  units: 

-  the  brushless  coemutatorless  AC  generator  ie  alternator  or  brushless 
electronic-commutator  DC  generator  which  supplies  current  to  the 
brushless  electronic-commutator  AC/OC  motors  or  motorized  wheels  and 
charges  on-board  TO  storage  batteries; 

•  the  auxiliary  storage  battery  charging  DC  generator  with  an  Integral 
electronic  commutator; 

-  the  cooling-air  fan  blower  or  cooling  >11  pump  for  cooling  of  the 
traction  electric  motors  or  motorized  wheels; 

-  the  hydraulic  pump  for  the  hydraul Ic-motor-driven  radiator  fan; 

-  the  pump  for  the  cool Ing-weter  system  for  the  1C  engine. 

1C  engine-driven  AC/DC  generators.  When  a  special  source  of  alternating  or 
direct  current  must  be  provided  for  such  applications  as  energy-saving 
toothed-gear I ess  hybrid-electric  propulsion  system  operations  or  in  gen¬ 
eral  explosive  or  extremely  wet  ambient  conditions  prevail,  it  is  desir¬ 
able  or  even  essential  that  a  brushless  type  of  AC  or  DC  generator  be  em- 
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ployed.  This  eliminates  all  sliding  contact*  and  avoid*  the  destructive  af¬ 
fect*  that  result  from  electrical  arcing. 

The  unique  feature  of  brushless  coemutatorless  AC  generator  ie  alternator 
or  brushless  electronic-coamutator  DC  generator  is  Its  use  of  an  auxiliary 
exciter  electronic  coamutator  which,  mounted  on  the  shaft  of  rotating  ma¬ 
chine,  conn acts  the  AC  output  of  a  rotating  electronic-commutator  DC  ex¬ 
citer-generator  to  the  rotating  field  of  the  energy  convertor. 

The  entire  excitation  circuit,  le,  an  auxiliary  exciter  electronic  commuta¬ 
tor,  and  0C  field,  therefore,  relates  as  a  unit  and  eliminates  the  need  for 
slip  rings  end  brushes. 

The  primary  source  of  mechanical  power  for  the  brushless  comnutatorless  AC 
generator  or  brushless  electronlc-comeutator  DC  generator  in  energy-saving 
toothed-gearless  hybrid-electric  propulsion  systems  for  tracked  all-ter¬ 
rain  vehicles  is  generally  an  1C  engine  which  drives  the  field  -  electronic 
commutator  •  exciter  assembly,  while  the  stationary  DC  field  of  the  elec¬ 
tronic-commutator  DC  exciter-generator,  energized  from  the  output  terminals 
of  the  AC  or  DC  generator,  builds  up  through  a  bridge-connected  rectifier 
or  DC  chopper. 

A  bridge- connected  controlled  rectifier  or  DC  chopper  in  the  latter  circuit 
is  used  to  adjust  the  voltage  output  of  the  0C  exciter-generator  which  in 
turn,  regulates  the  DC  excitation  and  the  AC  or  DC  output  voltage  of  the 
AC  or  DC  generator. 

1C  engine-driven  brushless  commits  tor  less  AC  generators  le  alternators  or 
brushless  electronic-commutator  DC  generators  for  efcergy-saving  toothed- 
-gearless  hybrid-electric  propulsion  systems  have  a  polyphase  (three-  or 
five-phase)  armature  winding  and  one  or  more  pairs  of  magnet  poles,  gener¬ 
ating  a  magnetoelectric  (permanent  rare-earth  magnet  poles)  or  an  elec¬ 
tromagnetic  (  electromagnet  poles)  field.  The  latter  have  a  self-  and  a 
separately-excited  field  winding.  The  armature  and  field  windings  are  de¬ 
signed  with  class  F  Insulation.  The  AC  and  DC  generators  are  self-ventll- 
ated  and  designed  with  two  bearings,  feet  and  two  shaft-ends.  Through  the 
one  shaft-end.  the  AC  or  DC  generator  Is  directly  coupled  to  the  flywheel 
of  the  1C  engine  by  means  of  a  disc  couplings.  On  the  other  shaft-end  Is 
fitted  the  wheel  for  the  centrifugal  fan  blower  or  oil  pump  which  supplies 
cooling  air  or  oil  to  the  traction  brushless  electronic-commutator  AC/OC 
motors  or  motorized  tdteels.  The  rated  current  of  the  AC  and  DC  generators 
can  be  overloaded  by  100  per  cent  over  a  short  period. 

The  sinusoidal  induced  armature  voltages  generated  by  the  1C  engine-driven 
AC  or  OC  generator  are  of  equal  megnitute  and  phase-displaced  by  2B/m  (m  - 
armature  winding  phase  number)  owing  to  the  fact  that  the  armature  winding 
phases  have  an  equal  masher  of  turns  and  are  equally  spaced. 

An  1C  engine-dr I ven  brushless  commutatorless  AC  generator  fe  alternator  or 
brushless  electronic- commute tor  OC  generator  can  supply  the  brushless  elec¬ 
tron  ic-cammdMm  AC/DC  motors  or  motorized  wheels. 

1C  engine-dr  Ivan  DC  generators  have  undergone  considerable  change  In  recent 
years.  In  the  past  DC  generators  with  a  rotating  mechanoel act r leal  commu¬ 
tator  have  been  universal.  These  have  a  polyphase  armature  winding  which 
rotates  between  fixed  field  electromagnetic  poles,  also  a  notating  mechano- 
electrlcal  coamutator  which  rectifies  armature  Induced  voltages  generated 
In  the  polyphase  armature  winding  to  an  armature  Induced  DC  voltage  and 
lets  it  be  picked  up  by  a  pair  of  carbon  brushes.  It  has  become  difficult 
for  OC  generators  with  a  rotating  mechanoelectrlcal  coamutator  to  meet  the 
modem  newly  designed  energy-saving  toot  had- gear  less  hybrid-electric  pro¬ 
pulsion  system's  heavy  demand  for  rating  power  without  being  made  larger 
and  heavier,  end  the  trend  Is  to  use  brushless  type  DC  generators  with  a 
static  electronic  coamutator ,  which  tin  for  size,  can  generate  more  power. 
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The  armature  induced  AC  voltages  generated  by  the  machine's  armature  Mind* 
ing  can  be  converted  into  armature  induced  OC  voltage  in  order  to  charge 
the  TO  storage  batteries  and  to  supply  the  brushless  electronic-commutator 
AC/OC  motors  or  motorized  wheels,  and  this  can  now  be  done  by  a  static 
electronic  commutator  using  only  diode  type  electrical  valves.  An  edven- 
tage  of  the  brushless  type  DC  generators  with  a  static  electronic  commute* 
tor  is  that,  having  field  magnetoelectric  (permanent  rare*earth  magnet) 
poles  rotating  between  a  fixed  three-  or  flve*phase  armature  winding, 
it  can  be  made  a  brushless  design  without  an  exciter  and  in  that  case  it 
is  equally  easy  to  service  as  a  contemporary  squirrel-cage  subsynch ronous 
(induction)  AC  motor. 

On-board  tract  ion- duty  storage  batteries.  Electronic-commutator  AC/DC 
motor-driven  tracked  ail-terrain  vehicles  with  extremely  high  mobility  can 
be  fitted  with  a  choice  of  traction-duty  (TD)  storage  batteries  of  various 
capacities.  The  capacity  can  be  adapted  to  the  requirements  of  acceler¬ 
ation,  gradient  ability,  ground  speed  and  operational  intensity.  TD  teed- 
-acid  storage  batteries  are  normally  used  in  the  tracked  all-terrain  ve¬ 
hicles  and  the  battery  compartment  is  adapted  to  this.  Generally,  they  are 
placed  in  the  vehicle  body  under  the  floor.  Apart  from  supplying  operating 
current  to  traction  electronic-commutator  AC/DC  motors  or  motorized  wheels 
and  control  equipment,  the  storage  batteries  also  feed  current  to  all  aux¬ 
iliary  equipment  such  as  the  hydraulic  pump  or  air  compressor  for  the 
braking  systems,  retarders,  ate. 

Severe  demands  are  imposed  on  TD  storage  batteries,  since  they  operate 
under  arduous  conditions  from  both  the  electrical  and  mechanical  points  of 
view.  Apart  from  being  mechanically  strong  so  as  to  be  able  to  withstand 
shocks  and  vibrations,  such  batteries  must  also  have  a  long  life,  for 
example,  withstand  a  large  number  of  discharges.  They  must  also  have  a  low 
internal  resistance  so  that  a  high  voltage  is  maintained  during  discharges. 
The  TO  leed-acid  storage  batteries  used  in  tracked  all-terrain  vehicles 
satisfy  these  requirements  end,  furthermore  have  a  high  capacity  per  volume 
unit.  Experience  has  also  shown  that  these  batteries  are  insensitive  to  the 
pulsating  current  resulting  from  the  use  of  the  traction  electronic-commu¬ 
tator  AC/DC  motors  or  motorized  wheels. 

However,  electronic- commutator  AC/OC  motor-driven  tracked  all-terrain  ve¬ 
hicles  with  extreamly  high  mobility  require  simple  on-board  TO  storage 
batteries  having  a  capacity  that  Is  at  least  ten  times  that  of  present 
leed-acid  storage  batteries.  The  appearance  of  new  llthiuar-sulphur  and  so¬ 
dium-sulphur-type  storage  batteries  In  the  next  few  years  may  profoundly 
affect  tracked  ell-terrain  vehicle  design.  Technically,  the  energy  density 
of  these  new  storage  batteries  Is  five  to  tan  times  greater  than  the  con¬ 
ventional  iaed-ac i d  batteries.  Practically,  what  this  means  is  that  the 
modern  newly  designed  energy-saving  toothed-gearless  hybrid-electric  pro¬ 
pulsion  systems  for  tracked  all-terrain  vehicles  will  have  acceleration 
and  speed  capability  of  present  conventional  compact. 

Static  electronic  commutators.  The  Idea  to  design  fully  static  electronic 
commutator  tor  conversion  of  AC  or  OC  voltage  to  a  variable  frequency  AC 
voltage  in  order  to  be  able  to  control  the  voltage  and  frequency  of  an  AC 
or  a  OC  generator  and  the  torque  and  speed  of  an  AC  or  a  DC  motor  is  by  no 
means  new.  If  one  studies  old  literature  on  the  static  converters,  one  can 
observe  that  such  electronic  commutators  were  described  as  early  as  the 
begining  of  the  1920s2*".  However,  such  electronic  commutators  did  not  gain 
wide  acceptance  and  most  of  the  ideas  did  not  laave  the  laboratory. 

The  fact  that  this  was  so  may  be  attributed  to  the  characteristics  of  the 
electrical  valves  available  to  the  scientists  In  these  days. 
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It  mi  not  until  the  I960*  that  scientists  were  given  the  possibility  to 
solve  this  problem  by  Introduction  of  the  semiconductor  controlled  rec¬ 
tifier  (SCR)  celled  thyristor.  At  the  seme  time,  it  hes  been  possible  to 
introduce  the  repid  Integration  of  electronic  components  In  the  control¬ 
lers  Included  in  static  electronic  commutator*. 

In  this  May,  the  static  electronic  co mutator  has  evolved  from  a  power  am¬ 
plifier  to  edvenced  process  equipment  Incorporating  microprocessors  for 
fully  automatic  control,  monitoring  and  protection. 

In  the  1960s,  as  static  electronic  commutators  for  electrical  machines  are 
developed  and  put  into  practical  use,  the  demands  for  fast-swi tching  thy¬ 
ristors  with  high  performances,  such  a  higher  blocking  voltage,  shorter 
turn-off  time,  and  larger  current  capability,  are  Increasing  in  order  to 
make  more  efficient,  store  compact,  and  more  economical.  However,  as  it  Is 
well  knot**.  It  1s  very  difficult  to  design  fast-switching  thyristors  with 
high  blocking  voltage  and  high-current  capability  at  well  as  short  turn- 
-off  time. 

Recently  attention  has  bean  focused  on  the  reverse-conducting  (RC)  gate 
turn-off  (CTO)  thyristor,  called  the  RC  trigistor  and  the  symmetrical  (S) 
gate  turn-off  (CTO)  thyristor,  called  the  6T0  symlstor  or  S  trigistor  as 
fast-switching  semiconductor  controlled  valves  which  have  the  feasibility 
of  overcoming  this  difficulty.  The  electrical  valves  proved  to  be  success¬ 
ful  for  practical  electronic  commutator  applications,  and  Important  appli¬ 
cation  data  were  obtained.  These  S  and  RC  trigistor*  have  been  used  in  en¬ 
ergy-saving  toothed-gearless  propulsion  systems  with  regenerative  braking 
for  electronic-commutator  AC/OC  motor-driven  tracked  all-terrain  vehicles 
and  have  the  advantage  of  making  them  more  compact,  less  expensive,  and 
of  lighter  mass  than  conventional  reverse-blocking  thyristors  with  free¬ 
wheeling  diodes. 

Static  electronic  commutators  can  be  dlvidad  Into  two  main  groups:  direct 
and  Indirect  commutators.  The  direct  electronic  commutator  Is  Input  llne- 
-  commutated  cycloconverter  and  technically  is  closely  related  to  the  re¬ 
versible  electronic  commutator  for  0C  electrical  machines.  A  cycloconverter 
was  originally  developed  as  a  frequency  changer  for  rail-traction  supplies 
at  16$  cps  In  the  1920s  and  1930s1*.  Its  greatest  shortcoming  Is  the  moder¬ 
ate  frequency  range  (0  to  about  §  of  the  Input-line  frequency).  This  make 
it  of  interest  especially  for  three-  or  five-  phase  electronic- commutator 
AC  electrical  machines  which  may  be  used  for  energy-saving  toothed- peer¬ 
less  hybrid-electric  propulsion  systems.  The  cycloconverter  Is  the  most- 
flexible  of  the  electronic  commutators.  It  transfers  active  and  reactive 
power  in  both  directions,  allowing  a  driven  machine  to  operate  at  any 
power  factor,  motoring  and  generating.  It  Is  particularly  useful  for  rever¬ 
sible  propulsion  systems  In  arduous  situations,  eg,  for  tracked  all-terrain 
vehicles  where  the  robustness  of  the  traction  electronic  commutator  AC 
motor  or  motorised  wheel  makes  it  desirable  alternative  to  the  more  common 
traction  rotating  ms chanoelectr I  cal -commutator  DC  motor  or  motorised  wheel . 
The  indirect  electronic  commutator ,  where  the  frequency  conversion  takes 
place  in  two  stages  (via  rectification)  may  be  divided  In  their  turn  Into 
two  subgroups:  electronic  commutators  with  current  source  DC  link  (without 
storage  batteries)  and  electronic  commutators  with  voltage  source  DC  link 
(with  storage  batteries  or  capacitors).  Finally,  electronic  commtetors  with 
voltage  source  K  link  are  available  in  two  kinds:  these  with  variable  DC 
link  voltage  and  these  with  constant  DC  link  voltage.  A  characteristic  Fea¬ 
ture  of  an  electronic  commutator  with  voltage  source  DC  link  Is  that  the 
output  Impedance  from  DC  link  filter  Is  lew,  because  It  Includes  storage 
batteries  or  capacitors.  Storage  batteries  are  acting  as  capacitors.  An 
electronic  commutator  with  current  source  DC  link,  ea  a  rule  only  have  an 
Inductor  as  filter. 
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faring  the  1970*  a  research  group  at  tha  Thaddeus  Koiciuszko  Manorial 
Cracow  Polytechnic  (Pol Itachnika  Krakowtka  in.  Tedeusza  Ko4ciuszki)  - 
Institute  of  Autonotiva  Vehicles  and  Intarnal  Combustion  Enginaa  (tha 
laadar  of  tha  research  group,  Or  B.T.  Fljatkowski)  haa  developed  atatic 
electronic  coeeeutatora  of  a  cycloconverter-type  and  all  three  varlanta  of 
tha  K  link-type  for  low-frequency  traction  three-  or  flve-phaaa  ayn-  and 
aaynchronoua  bruahlaaa  electronic-commutator  AC  aotora  and  Motorized  wheela. 
Baa  idea,  thla  research  group  haa  developed  an  electronic  commutator  for  0C 
dynamotore  (DC  generator /motor) .  Alt  thaaa  electronic  commutatora  can  be 
used  in  energy-eavlng  toothed-gaarl eaa  hybrid-alectric  propulsion  systems 
for  tracked  all-tarraln  vehlclea  with  extremely  high  mobility. 

Traction  olectronlc-cownutator  AC/DC  aotora  and  motorized  wheela.  A  meat 
of  the  traction  bruahlaaa  etectronl c-commutator  M  motor  or  motor I  zed 
wheel  with  a  lowered  rating  frequency  la  greater  than  the  maaa  of  the  same 
AC  aotor  or  notorized  irfieel  with  the  rating  frequency  of  SO  cpa  or  60  cps. 

An  optlnuM  rating  frequency  for  the  AC  Motor  or  motorized  wheel  with  the 
lowered  rating  frequency  ia  equal  16$  cpa  to  2$  cpa.  At  further  lowering 
of  the  rating  frequency  the  nee a  of  the  AC  notor  or  motorized  wheel  ia 
quickly  Increaed.  The  power  and  the  efficiency  of  traction  AC  motora  or 
motorized  wheela  depend  on  frequency  which  the  motor  or  motorized  wheel 
normal ly  operated  at.  For  example,  the  16§  cpa  traction  AC  motora  or  motor¬ 
ized  wheels  have  a  power  factor  of  .95  to  .97  at  rated  operating  condi¬ 
tions,  and  their  efficiencies  are  about  90  per  cent,  whereas  motors  and 
motorized  wheels  of  the  seen  type  operating  at  $0  cps  have  a  power  factor 
of  .86  to  .89  and  efficiencies  of  about  8S-89  per  cent. 

The  traction  three-  or  five-phase  ayn-  or  subsynchronoua  (induction)  elec¬ 
tron  ic-  commit  at  or  AC  motors  or  motorized  wheels  with  a  lowered  rating  fre¬ 
quency  are  the  most  usual  occur I ng.  In  energy-saving  toothed-gearless  hy¬ 
brid-electric  propulsion  systems  for  tracked  all-terrain  vehicles  with  ex¬ 
tremely  high  mobility  these  traction  AC  motors  or  notorized  wheels  gen¬ 
erally  run  with  an  adjustable  speed.  One  control  method  then  Is  frequency 
control  of  traction  AC  motors  or  motorized  wheels.  This  means  that  the 
output- line  frequency  of  the  electronic  commutator  (proportional  to  the 
speed)  may  be  varied.  These  propulsion  systems  are  suitable  for  those 
tracked  all-terrain  vehicles  where  the  advantages  of  the  traction  AC  notor 
or  notorized  wheel  as  high  reliability,  low  maintenance,  low  mass  and 
small  size  as  well  as  the  absence  of  rotating  alldlng  contacts  with  carbon 
brushes  and  generally  also  a  shaft  transducer  (tachometer)  are  particular¬ 
ly  appreciated. 

Because  of  their  simple  and  robust  design  traction  brushless  electronlc- 
- commute  tor  AC  motors  and  notorized  wheels,  and  then  above  all  magneto¬ 
electric  (permanent  rare-earth  magnet  poles)  ayn-  and  subsynchronoua  (In¬ 
duction  squirrel-cage)  AC  motors  and  motorized  wheels  would  be  preferable 
to  the  traction  rotating  mechanoelectr I  cal -commutator  0C  motors  and  notor¬ 
ized  whe« Is  for  a  torque  and  speed  control  application,  particularly  In 
modern  newly  designed  energy  saving  toothed-gearless  propulsion  systems. 
Traction  synchronous  elect ronlc-cosmiutator  AC  motors  and  motorized  wheels 
will  be  frequently  used  In  road  end  off-road  hybrid-electric  tractions  re¬ 
quiring  toothed-gearless  propulsion  system  having  a  high  output  In  combi¬ 
nation  with  a  high  speed. 

The  principal  reasons  for  the  choice  of  this  AC  antor  or  motorized  wheel 
type  aret 

-  A  traction  synchronous  electronic-commutator  AC  motor  or  motorised 
wheel  with  a  power  factor,  eg,  .98  or  more  generally  has  a  considerable 
higher  efficiency  (up  to  I  per  cant  higher)  than  the  corresponding  tree- 
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tion  subsynchronous  (Induction)  electronic- comm ut« tor  AC  Motor  or  Motor* 

I zed  who*  I . 

-  A  troctfon  synchronous  o I oc t ron I c-coi— u totor  AC  Motor  or  ootorlsod 
who* I  can  gonarata  reactive  power  uni  Ik*  all  traction  s (Asynchronous  AC 
Motors  and  Motorized  wheels,  which  con sum*  roactlva  powor. 

-  A  traction  synchronous  electronlc-conmutator  AC  Motor  or  Motorizod 
wheal  is  vary  robust  and  wall  protected  against  Mechanical  daaaga,  which 
could  be  caused  by  sudden  load  or  electronlc-cauMutetor  output-line  verl- 
at ions . 


-  The  rotor  of  a  traction  synchronous  a lectronlc- cowautator  AC  Motor 
or  motorized  wheal  Is  considerably  aore  rigid  than  that  of  a  traction  sub- 
synchronous  electronic-commutator  AC  motor  or  motorized  wheel  because  of 
its  design  with  permanent  rare-earth  magnet  poles. 

-  A  large  air-gap  and  permanent  rare-earth  magnet  poles  make  It  easy 
to  mount,  dismantle  and  align  the  Machine.  Since  the  traction  synchronous 
e  I  act  ron  I  c- commits  tor  AC  motor  or  motorized  wheel  Is  also  available  in  a 
brushless  design.  It  Is  equally  easy  to  service  as  a  traction  subsynch ron- 
ous  ( squirrel -cage)  electronic-commutator  AC  Motor  or  motorized  wheel. 

-  The  torque  versus  current  characteristic  during  acceleration  is 
considerably  better  for  a  traction  synchronous  electronlc-cn— utator  AC 
motor  or  notorized  wheel  than  for  traction  subsynchronous  (squirrel-cage) 
electronlc-coMMutator  AC  Motor  or  motorized  wheel.  A  traction  synchronous 
electronic-cow* utator  AC  motor  or  motorized  wheel  has  both  a  lower  current 
and  a  higher  torque  during  acceleration.  In  addition,  the  lower  currant 
imp)  (as  a  smaller  voltage  drop.  This  stakes  the  acceleration  per  for  nance  of 
a  traction  synchronous  electronic-commutator  AC  Motor  or  notorized  wheel 
still  more  superior  to  that  of  a  traction  subsynchronous  elsctnonlc-cowsu- 
tator  AC  motor  or  motor! ted  wheal,  since  the  voltage  Influences  the  break¬ 
away  torque  as  a  square. 

-  Owing  to  the  permanent  rare-earth  Magnet  poles  the  rotor  has  a  large 
thermal  capacity.  A  traction  synchronous  electronic- commutator  AC  motor  or 
notorized  wheel  therefore  withstands  longer  transient  tines  than  a  trac¬ 
tion  subsynchronous  ( squirrel -cage)  electronic- commutator  AC  motor  or 
notorized  wheel. 

Traction  synchronous  electronic- commutator  AC  motors  and  motorized  wheels 
can  generate  reactive  power  (through  overexcltatlon) ,  which  wake  then  par¬ 
ticularly  suited  for  electronic-commutator  acceleration,  from  the  torque 
versus  current  characteristic  viewpoint  electronic-commutator  acceleration 
is  equivalent  to  traction  rotating  mschanoe I act r leal -commute tor  OC  motor 
or  motorized  vdieel  acceleration,  whose  good  characteristics  are  well  known 
from  existing  hybrid-electric  propulsion  systems  for  tracked  all-terrain 
vehicles. 

Since  its  Introduction  in  the  IftMs,  the  subsynchronous  Induction  squirrel- 
-cage  AC  motor  have  been  the  paragon  of  a  robust  and  reliable  source  of 
propelling  power.  Over  the  years,  however,  traction  subsynchronous  (squir¬ 
rel-cage)  electronic- commutator  AC  motors  and  motorized  wheels  have  under¬ 
gone  rather  considerable  changes.  To  begin  with,  they  were  overdi Men* toned, 
both  Mechanically  and  electrically.  They  wore  naturally  expensive  to  manu¬ 
facture  and  purchase.  Accent ly,  traction  subsynchronous  (squirrel-cage)  AC 
motors  and  motorized  wheels  are  being  manufactured  rationally.  They  are 
subject  to  International  standards,  are  careful ly  dimensioned  and  are  Inex¬ 
pensive. 
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On*  of  the  most  valuable  character  I »t let  of  the  existing  rotating  mecha no¬ 
electrical-  or  modern  newly  designed  electronic-commutator  DC  motor  or 
motorized  vdieel  is  it  ability  to  provide  a  wide  range  of  easily  adjustable 
speeds.  This  benefit  is  particularly  Important  because  a  high  degree  of 
speed  control  is  often  essential  to  electric  motor-driven  tracked  all-ter¬ 
rain  vehicles.  To  control  the  speed  of  traction  electronic-coeeutetor  DC 
motors  and  motorised  wheels  steplessly  and  over  a  considerable  range  the 
adjustable-voltage  and  frequency  system  offers  many  advantages.  Generally, 
reffered  to  as  electronic-commutator  control  after  the  author,  the  method 
requires  two  separate  sources  of  supply,  one  of  which  is  a  main  adjustable- 
-voitage  and  frequency  static  electronic  commutator  (fed  by  the  constant- 
voltage  source  eg,  TO  storage  batteries)  that  supplies  AC  power  to  the 
armature  three-phase  winding  of  the  DC  motor  and  the  other  a  smell  adjust¬ 
able-voltage  controlled  rectifier  or  0C  chopper  (fed  by  the  constant -vo 1 1- 
age  source  eg,  TO  storage  batteries)  that  excites  the  DC  motor  field.  The 
speed  range  is  much  greater  than  that  obtainable  with  a  traction  subsyn- 
chronous  (squirrel -cage)  electronlc-conautator  AC  motor  or  motorized  wheel. 
It  is  the  same  that  obtainable  with  a  traction  synchronous  electronic-com¬ 
mutator  AC  motor  or  motorized  wheel.  A  brushless  electronic- commutator  DC 
dynemotor  (generator/motor)  is  used  in  the  energy-saving  parallel  hybrid- 
-electric  propulsion  system  for  tracked  all-terrain  vehicles  with  extreme¬ 
ly  high  mobi I ity. 

Modem  newly  designed  traction  brushless  electronic-commutator  AC  or  DC 
motors  end  motorized  wheels  can  be  seeled  environment-free  units  which 
have  the  significant  advantage  of  an  oil-cooling  system  by  which  both  stat¬ 
or  and  rotor  are  cooled.  The  same  coolant  oil  can  be  used  to  provide  oil 
mist  lubrication  for  the  motor  bearings.  They  can  be  fitted  with  thermis¬ 
tors  for  measuring  the  winding  and  electrical-valve  temperature  and  heat¬ 
ers  to  prevent  condensation  when  AC/DC  motors  or  motorized  wheels  are  at 
a  standstill. 


CXftMHPlTAl  EHEkCT-SAVtWG  MOPULStON  SYSTEMS 
fOA  T PACKED  ALL-TEAAAIH  VEHICLES 


In  the  field  of  energy-saving  hybrid-electric  propulsion  systems  for  track¬ 
ed  all-terrain  vehicles  examples  of  study  ere  represented  by  three  experi¬ 
mental  prototype  propulsion  systems,  which  are  developed  by  a  research 
group  at  the  Theddeus  totfcluszko  Memorial  Cracow  Polytechnic,  Cracow,  PL. 
The  first  experimental  prototype  energy-saving  toothed- peer lees  series  hy¬ 
brid-electric  propulsion  system  for  the  track  vehicle  (fig.  })  Is  acting 
as  a  smooth,  silent  and  oil-free  torque  convertor.  This  comprises  a  separ¬ 
ately-excited  three-phase  synchronous  brushless  type  AC  generator  le  al¬ 
ternator  with  constant  output,  solidly  coupled  to  the  0  engine,  which 
feeds  three-phase  currents  to  the  trlglstor  direct  electronic-commutator 
AC  motors  Input  lines.  The  trlglstor  direct  electronic  commutator  Is  In¬ 
put-  II ne-comeutatod  cycloconverter,  which  uses  only  9  S  trlglttore.  Here 
each  Input  lies  le  connected  to  each  cutput  line  via  S  trlglstor.  A  threo- 
-phese  -  three-phase  cycloconverter  can  transfer  active  end  reactive  power 
In  both  directions,  el  lowing  two  drivon  traction  low-frequency  three-phase 
sub synchronous  (induction  squirrel -cage)  AC  machines  to  operate  et  eny 
power  factor,  motoring  end  generating.  The  alternator  constant  output  le 
determined  by  controlling  tho  excitation  current  to  the  AC  generator.  This 
Is  done  steplessly  with  the  aid  of  trigistorlzod  half-control lod  rectiflor. 
The  electric  torque  convertor  also  makes  it  possible  to  distribute  step¬ 
lessly  end  without  wear  0  engine  output  for  driving.  The  ground  spend  is 
determined  by  controlling  the  pulse-width  (pulse-width  modulation)  and 
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phase-shift  (phase-shift  modulation)  of  triggering  pulses  to  the  trigistor 
direct  electronic  commutator.  This  is  done  steplessly  with  the  aid  of  mi¬ 
croprocessor-based  propulsion  controller  connected  to  the  accelerator 
mechanism  of  the  track  vehicle.  The  matching  of  the  torque  convertor  rela¬ 
tive  to  the  acceleration  or  gradient  ability  Is  obtained  automatically  in 
the  traction  low-frequency  *ub synchronous  electronic-commutator  AC  motors. 
The  first  experimental  prototype  propulsion  system  has  no  transmission 
gear  and  reduction  gear.  This  energy-saving  toothed-qearless  series  hy¬ 
brid-electric  propulsion  system  consists  of  traction  Icmr frequency  subsyn- 
chronous  electronic  commutator  AC  motors  directly  coupled  to  the  front  driv¬ 
ing  wheels.  The  propulsion  system  Is  operated  at  an  electronic  commutator 
output  voltage  of  400  V.  At  this  voltage  a  high  total  efficiency  can  be 
obtained. figure  4  shows  the  oscillograms  of  the  electronic  commutator  out¬ 
put  vo'tage  to  neutral  waveforms  for  three dl fferent  output  frequencies. 


fig.  4  Electronic  commutator  output  voltage  to  neutral  for  different  out¬ 
put  frequencies. 

a)  f  -  20  cps  b)  f  -  12  cps  c)  f  -  1  cps 


The  first  experimental  prototype  energy-saving  toothed-gearless  series  hy¬ 
brid-electric  propulsion  system  (Fig.  ))  can  be  used  For  the  track  vehicle, 
which  is  an  articulated  tracked  all-terreln  vehicle  with  extremely  high 
mobility,  where  both  the  front  and  the  rear  cars  ere  driven  by  two  wide 
rubber  tracks,  la  all  four  tracks  are  driven.  This  tradk  vehicle  Is  In¬ 
tended  as  a  transport  unit  for  material  and  personnel,  capable  of  carrying 
up  to  2 $00  kg  of  equipment  and  4  persons  In  addition  to  the  driver.  On 
level  ground  the  track  vehicle  can  run  satisfactorily  at  about  SO  km/h 
and  it  can  have  a  range  of  action  of  300  km.  For  example,  this  vehicle  can 
be  used  in  conjunction  with  natural  gas  pipeline  erection  and  the  servic¬ 
ing  and  maintenance  of  existing  pipelines. 

The  second  experimental  prototype  energy-saving  toothed* gearleas  series 
hybrid-electric  propulsion  system  for  the  all-terreln  carrier  with  extre¬ 
mely  high  mobility  (Fig.  S)  Is  also  acting  as  a  silent  electric  torque 
converter.  This  comprises  a  separately-excited  three-phase  synchronous 
brushless  type  AC  generator  la  alternator  with  constant  output,  solidly 
coupled  to  the  0  engine,  which  feeds  three-phase  currents  to  the  trigistor 
Indirect  electronic  commutator  AC  motors  Input  lines.  The  trigistor  Indi¬ 
rect  electronic  commutator  Is  voltage  source  DC  link-type  (with  TO  stor¬ 
age  batteries),  where  the  frequency  conversion  takes  place  In  two  stages 
(via  rectification).  The  first  stage  using  6  diodes  Is  acting  as  an  un¬ 
controlled  rectifier  with  constant  DC  link  voltage.  It  feeds  current  to 


1068 


th«  TO  storage  batteries  end  the  second  stage  using  only  6  RC  trigistors 
and  acting  as  an  inverter.  Here  each  Input  tine  of  a  rectifier  is  connect¬ 
ed  to  each  output  line  via  diode  and  each  input  line  of  an  inverter  is 
connected  to  each  output  line  via  RC  trlgistor.  Conversion  from  direct- 
- vo I tage  to  alternating-voltage  takes  place  in  such  a  way  that  the  three- 
-phase  output  lines  are  switched  in  turn  with  a  2H/3  phase  shift  to  the 
plus  or  minus  poles  le  input  tines  of  the  di rect-vol tage  with  the  aid  of 
the  RC  trlgistor  trfode  parts.  Since  the  phases  of  the  AC  motor  currents 
are  displaced  In  reletion  to  the  voltage,  currents  will  flow  through  the 
RC  trlgistor  diode  perts  during  this  interval  of  the  cycle.  To  commutate 
the  current  from  one  0C  pole  le  input  line  to  the  other,  e  specie!  gate 
turn-off  commutating  circuit  In  the  microprocessor-based  propulsion  con¬ 
troller  has  to  be  arranged  for  each  phase.  When  full  output  voltege  is 
obtained,  the  RC  trlgistor  triode  parts  ara  conducting  for  II  and  the  out¬ 
put  line-to-line  voltage  then  consists  of  voltege  pulses  of  211/3  width, 
separated  by  deed  intervals  of  2n/6.  In  practice,  the  maximum  output  vol¬ 
tage  of  the  trlgistor  indirect  electronic  coeseutator  is  approximately  the 
same  as  the  actual  alternator  AC  voltege.  The  neutral  of  the  three-phase 
system  is  not  fixed,  but  will  oscillate  with  three  times  the  output  fre¬ 
quency.  This  means  the  voltage  to  neutral  will  have  a  staircase  shape. 

The  system  used  Is  to  rectify  (by  means  of  diodes)  the  alternator  induced 
AC  voltages  to  produce  constant  voltage  BC  link  and  then  invert  (by  means 
of  RC  trlgistor  triode  parts)  the  DC  to  produce  AC  of  desired  frequency, 
for  the  flow  of  load  reactive  current  feedback  RC  trlgistor  diode  parts 
are  provided.  TO  storage  batteries  connected  to  DC  link  are  used  to  alloy 
regenerated  energy  to  be  fed  back  to  them  and  to  provide  all-electric  op¬ 
eration  of  the  experimental  prototype  propulsion  system.  Because  of  the 
need  to  operate  at  zero  speed  and  to  obtain  smooth  acceleration  or  decel¬ 
eration  and  reversal  of  the  traction  low-frequency  synchronous  electronlc- 
- commutator  AC  motors,  the  trlgistor  inverter  Is  operataain  pulse  width 
modulation  (PWH)  mode  to  produce  sinusoidal  output  line  current  waveforms 
of  desired  frequency.  Operation  of  the  trlgistor  indirect  electronic  com¬ 
mutator  under  this  mode  is  of  particular  Importance  to  the  energy- 
-saving  toot had- gear I ess  series  hybrid-electric  propulsion  system  for  the 
ell-terrain  carrier  with  extremely  high  mobility.  Traction  low-frequency 
synchronous  electronic-commutator  AC  motors  will  not  operate  smoothly  at 
low-speeds  uniats  magnetomota'  ce  waveforms  within  the  machine  is  sinusoid¬ 
al;  this  can  only  be  produced  by  supplying  the  machine's  armature  winding 
with  sinusoidal  currents.  Inherently  an  electronic  co—utator  is  only  a 
switching  device  end  cannot  produce  smooth  voltage  waveforms.  Normally  an 
electronic  commutator  Is  arranged  to  switch  once  or  twice  per  cycle  only 
producing  square  waveforms.  This  waveform  is  far  from  sinusoidal  and  only 
a  suitable  for  high  speed  propulsion  systems  with  main  transmission  gear 
and  reduction  gear.  If  the  electronic  coanutator  can  be  arranged  to  switch 
many  times  per  cycle  for  differing  periods  of  time  a  nearly  sinusoidal 
output  waveforms  can  be  produced.  This  contains  a  large  fundamental  compo¬ 
nent  and  only  very  high  harmonics  which  effect,  on  the  traction  low-fre¬ 
quency  synchronous  electronic-commutator  AC  motor  current.  Oscillograms  of 
voltage  and  current  waveforms  of  the  traction  low-f requency  synchronous 
electronic-commutator  AC  motor  for  three  different  indirect  electronic 
commutator  output  frequencies  ere  shown  in  Figure  t. 

The  second  experimental  prototype  energy-saving  toothed-gearless  series 
hybrid-electric  propulsion  system  (Fig.  5)  can  be  used  for  all-terrain 
carrier  with  extremely  high  mobility,  where  both  the  front  and  the  rear 
cart  are  also  driven  by  the  same  two  wide  rubber  tracks.  All  four  tracks 
ere  consequently  driven.  This  all-terrain  carrier  Is  primarily  intended  as 


1060 


a  transport  unit  for  pa r son pta I  or  matarial,  capabla  of  carrying  up  to 
2000  kg  of  equipment  or  19  parsons  In  addition  to  tha  drivar.  A  spaclal 
purposa  superstructure  for  loadsteto 2500  kg  may  be  easily  fitted  In  place 
of  tha  cab  on  tha  rear  car.  On  lava)  ground  tha  ell-terraln  carrier  can 
run  in  a  satisfactory  manner  at  about  $0  km/h  and  can  raach  a  maximum 
spaed  of  60  km/h.  It  can  have  a  range  of  action  of  $00  km. 


fig.  6  Electronic  commutator  output  line-to-llne  voltage  (top)  and  motor 
current  (bottom)  for  different  electronic  commutator  output  fre¬ 
quencies. 

a)  f  -  10  cps,  U  -  60  X  b)  f  -  5  cps,  U  -  30  »  c)  f  -  1  cps,  U  -  10  % 
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The  third  experimental  prototype  energy-saving  parallel  b-, vrld-electrlc 
propulsion  system  for  the  tracked  snow- traversing  vehicle  (snoueoblle) 
with  extremely  high  mobility  (Fig.  7)  uses  a  0  engine- driven/supercharging 
brushless  type  electronic-commuhtor  DC  dynamotor  (generator/motor )  which 
acting  at  a  K  generator  recharges  TO  storage  batteries  and  acting  as  a  DC 
motor  supercharges  D  engine.  It  has  a  CVT  which  helps  reduce  liquid  fuel 
cons  «p  1 1  on  not  only  by  providing  an  efficient  transmission  but  by  allow¬ 
ing  0  engine  and  DC  dynamotor  to  be  run  at  or  near  maximua  efficiency  in¬ 
dependent  of  ground  spaed.  The  D  engine  and  separately-excited  brushless 
electronic-commutator  OC  dynamotor  are  mechanically  coupled  with  the  one- 
-wey  dutch.  The  OC  dynamotof*s  electronic  commutator  mainly  consists  of 
a  circuit  which  controls  the  armature  supply  DC  voltage  by  means  of  the 
trlgistor  direct  0C  •  AC  electronic  commutator  control  and  a  circuit  which 
controls  the  field  current  by  means  of  the  trlgistor  DC  chopper  control 
also  in  case  of  pure  traction  electronic-commutator  0C  motor  driving.  In 
the  case  of  0  engine  driving  with  recharging,  tha  separately-excited  elec¬ 
tronic-commutator  0C  dynamotor  changes  Its  function  to  the  0C  generetor 
with  an  electronic  commutator  acting  as  a  RC  trlgistor  diode  part  uncon¬ 
trolled  rectifier  and  recharges  the  TO  storage  batteries  which  connection 
may  be  changed  from  series  6f  kkO  V  to  parallel  of  220  V,  and  the  charging 
current  Is  Indirectly  controlled  by  the  trlgistor  DC  chopper  which  con¬ 
trols  only  the  field  current.  A  separately-excited  brushless  type  elec¬ 
tronic-commutator  0C  motor  with  an  electronic  commutator  acting  as  a  AC 
trlgistor  Inverter,  having  power  electronics  armature  and  field  controls 
would  provide  the  best  combination  of  efficiency,  performance  and  produc¬ 
tion  coat  for  this  propulsion  system.  For  maximua  range  stop- and- go  driv¬ 
ing  the  tracked  snow-traversing  vehicle  would  utilise  regenerative  braking 
to  recover  kinetic  energy. 
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Betides,  the  third  experimental  prototype  energy-saving  parallel  hybrid- 
electric  propulsion  system  has  two  same  type  clutches,  one  is  acting  as  a 
damper  built  between  0  engine  and  one-way  clutch  and  the  other  is  between 
electronic-commutator  DC  dynamotor  and  CVT.  These  are  of  the  dry  tingle- 
-disc  and  coil-spring  type  clutches  operated  electro-hydraul leal ly. 

The  third  experimental  prototype  energy-saving  parallel  hybrid-electric 
propulsion  system  for  the  tracked  snow- t rave rs ing  vehicle  has  following 
six  propelling  modes: 

0  engine  and  DC  motor  driving; 

D  engine  driving  with  0  engine-driven  DC  generator  recharging; 
pure  0  engine  driving; 
pure  DC  motor  driving; 

regenerative  braking  with  a  driving-wheel-driven  DC  generator 
recharging; 

-  D  engine-driven  DC  generator  recharging  during  stoppage. 

An  energy-saving  snow-traverslng-vehicle  hybrid-electric  propulsion  system 
built  up  from  combination  of  a  brushless  electronic-commutator  DC  dyna¬ 
motor  and  CVT  offers  many  advantages,  such  as  stepless  ground  speed  con¬ 
trol,  low  losses  and  fast  control  of  the  recharging  voltage  or  both  the 
torque  end  the  speed  of  the  0  engine-driven/supercharging  DC  dynamotor. 
Power  electronics  for  the  third  experimental  prototype  propulsion  system 
shown  in  Figure  7  consists  of  a  RC  trigistor  electronic  commutator,  act¬ 
ing  as  an  adjustable  frequency  inverter  for  motoring  or  uncontrolled  rec¬ 
tifier  for  generating  of  the  electronic-commutator  dynamotor;  a  RC  trigis¬ 
tor  DC  chopper;  an  on-board  TO  storage  battery  charger  and  a  multiple  out¬ 
put  isolated  DC  power  supply.  The  propulsion  system  power  source  can  be 
specially  developed  TD  lead-acid  storage  batteries.  The  propulsion  system 
signal  microelectronics  consists  of  a  microprocessor-based  propulsion  con¬ 
trol  ler  and  local  power  electronics  interface  circuitry. 

The  third  experimental  prototype  energy-saving  parallel  hybrid-electric 
propulsion  system  (Fig.  7)  can  be  used  for  the  tracked  snow-traversing 
vehicle  (snowmobile)  with  extremely  high  mob! 1 1 ty,  where  both  the  front 
and  the  rear  wheel-axles  are  driven.  This  tracked  snow-traversing  vehicle 
can  be  intended  as  a  transport  unit  for  cutting-down  trees  In  the  forest 
or  polar  expedition. 


COWCLUSIOW 


Brushless  electronic- commute tor  AC  or  DC  motors  and  motorized  wheels  are 
well  established  today  in  energy-saving  toothed-gearless  hybrid-electric 
propulsion  systems  for  tracked  all-terrain  vehicles  with  extremely  high 
mobility.  Growing  attention  Is  being  shown  in  the  use  of  trigistor  elec¬ 
tronic-commutator  AC  or  DC  motors  for  these  propulsion  systems.  The  trig¬ 
istor  electronic  commutators  presented  here  are  very  simple  in  design  and 
Have  features  making  them  technically  superior  to  thyristor  electronic 
commutators  of  conventional  types.  They  should  have  a  given  place  as  the 
technically  and  economically  best  solutions  In  electrical  machines  In  the 
future.  These  propulsion  systems  have  good  dynamic  properties  and  are 
highly  efficient.  In  addition  the  problem  of  high  acceleration  currents  of 
traction  electronic-commutator  AC  or  DC  motors  and  motorized  wheels  does 
not  arise.  The  difference  between  the  costs  of  existing  traction  AC  or  DC 
motors  and  motorized  vdteels  and  brushless  electronic-commutator  AC  or  DC 
motors  and  motorized  wheels  has  substantially  narrowed,  but  the  latter  al¬ 
ternative  is  still  more  expensive.  However,  there  are  examples  of  users 
who  In  their  investment  calculetions  have  else  taken  into  account  esti¬ 
mated  maintenance  costs  and  then  found  that  the  brushless  electronic-corn- 
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mutator  AC  or  DC  motor  propuliion  system  is  the  most  favourable  alterna¬ 
tive.  Another  case,  where  the  electronic  commutator  is  clearly  competi¬ 
tive  is  for  double-  or  multi-motor  propulsion  systems  and  double-  or 
mult l-motorl zed-wheel  propulsion  systems  that  Is  when  several  traction  AC/ 
DC  motors  or  motorized  wheels  are  to  be  run  with  the  same  speed  and  can  be 
connected  to  a  common  electronic  commutator  (see  Figs  3  and  5). 

An  excellent  way  to  control  the  torque  and  speed  of  a  doubly  fed  supersyn- 
chronous  and  synchronous  or  single  fed  subsynchronous  (induction)  elec¬ 
tronic-commutator  AC/DC  motor  or  motorized  wheel  Is  to  vary  the  frequency 
of  the  supply  armature  voltage.  With  this  method  it  is,  of  course,  neces¬ 
sary  to  provide  a  direct  or  indirect  electronic  commutator  whose  output 
frequency  and  voltage  can  be  adjusted  simultaneously.  Speed  adjustment  is 
virtually  stepless  over  an  extremely  wide  range.  When  several  AC/DC  motors 
or  motorized  wheels  are  connected  to  the  common  electronic  commutator,  all 
will  change  speed  simultaneously  as  the  frequency  is  varied. 

It  is  impossible  to  make  any  general  recommendations  for  energy-saving 
toothed-gearless  series  or  parallel  hybrid-electric  propulsion  systems  for 
the  tracked  all-terrain  vehicles  with  extremely  high  mobility,  but  each 
individual  application  must  undergone  a  technical  and  economic  evaluation. 

A  number  of  factors  should  then  be  taken  into  account,  of  which  the  most 
Important  are  nature  of  the  energy  source,  the  torque  and  speed  require¬ 
ments,  utilisation  of  an  existing  AC  or  DC  motor  or  purchase  of  a  modern 
newly  designed  electronic-commutator  machine,  the  environment  ,  etc. 

Special  demands  will  be  made  on  traction  electronlc-conmutator  AC  or  DC 
motors  and  also  motorized  wheels,  including  a  high  accelerating  torque  and 
robust  mechanical  and  electrical  design.  Further,  for  trekked  all-terrain 
vehicles  with  extremely  high  mobility  they  must  stand  up  to  frequent  accel¬ 
erations,  the  severe  traction  environment  and  the  most  widely  varying 
weather  conditions. 

Energy-saving  toot  hedges  Hess  series  and  parallel  hybrid-electric  propul¬ 
sion  systems  for  tracked  all-terrain  vehicles  with  extremely  high  mobility 
have  been  growing  attention  throughout  the  world  as  part  of  the  measure 
for  preserving  the  environment  and  energy  saving,  which  is  now  a  worldwide 
problem.  Methods  for  lowering  energy  constmptlon  in  electronic-commutator 
AC/DC  motor-driven  tracked  all-terrain  vehicles  with  extremely  high  mobi¬ 
lity  give  two  Important  benefits:  reduced  dependence  on  liquid  fuel  and 
higher  prof I  tab! 1 1 ty. 
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ABSTRACT 


In  order  to  achieve  high  mobility  over  off-road  terrain,  a  vehicle 
suspension  system  should  coabine  adequate  wheel  travel  with  a  hiefi 
level  of  damping  force.  The  device  described  is  a  suspension  damper 
which  utilises  the  rotational  movement  inherent  in  most  vehicle  suspen¬ 
sion  systems  to  generate  large  damping  forces  proportional  to  vertical 
wheel  velocity.  By  use  of  modem  hydraulic  technology  a  compact 
design  with  high  level  of  thermal  dissipation  and  immunity  from  forei^i 
abject  damage  has  been  achieved. 


The  device  wee  developed,  in  the  first  instance  for  use  tilth  a 
torsion  bar  suspension  system  an  a  military  tracked  armoured  personnel 
carrier.  In  this  application,  high  levels  of  performsnos  and  relia¬ 
bility  have  been  deems trated.  However,  the  technology  is  readily 
applied  to  other  types  of  suspension  typically  used  on  wheeled  or 
tracked  vehicles  and  examples  of  such  applications  are  described. 

nmcpucTicN  '  \ 

t#wn  considering  the  performance  and  sooncay  of  a  vehicle  on 
good  roads  the  performance  of  the  suspension  system  is  not  normally 
of  prime  importance.  However,  in  the  off-road  environment,  the  perfor¬ 
mance  of  the  suspension  is  an  essential  factor.  Examples  of  vehicles 
having  good  power/weight  ratios  (and  hence  good  "an  road"  performance) 
but  very  poor  off-road  performance  are  manifold.  Such  vehicles  are 
ooamonly  unable  to  utilise  their  available  power  due  to  the  level  of 
discomfort  induced  by  traversing  even  modest  terrains.  Fuel  economy 
under  these  circumstances  is  obviously  unsatisfactory  as  the  drivers 
reaction  will  bo  to  decelerate  when  pitching  becomes  excessive  end  to 
accelerate  again  ones  relative  stability  is  restored.  It  is  arguable 
that  in  such  cases  s  more  satisfactory  vehicle  would  be  one  that  used 
s  lower  rated  power  pack  together  with  an  isymovad  suspension  system. 


Mist  then  constitutes  a  good  suspension  system  for  an  off-read 
vehicle?  Off-road  terrain  is  typically  a  random  series  of  of  undula¬ 
tions  of  varying  pitch,  the  aaplituda  of  which  is  significant  as 
ooafmrsd  to  the  diameter  of  the  road  wheal.  Vahicles  assisted  to 
oops  with  typical  off-road  terrain, should  maximise  available  road 
wheal  travel  and  Incorporate  a  high  level  of  dwping. 


the  function  of  a  dasper  is  to  absorb  energy  imparted  to  the  road 
wheel.  Analysis  of  a  spring-mass -dasher  system  shew  that  dasping 
should  be  proportional  to  the  velocity  at  which  the  wheel  is  being 
displaced.  However,  if  a  high  danping  rate  is  to  be  used,  in  the  case 
of  a  very  large  wheel  velocity,  excessive  suspension  forces  aety  be 
generated.  In  order  to  prevent  such  excessive  forces  it  is  normal  to 
incorporate  a  relief  valve  or  similar  device  to  limit  the  amplitude  of 
the  dmiping  force  induced.  It  ia  generally  accepted  that  in  order  to 
give  adequate  ride  characteristics,  this  limit  should  exceed  the  static 
wheel  load  by  a  factor  of  1.5  to  2.  This  means  that  the  vast  majority 
of  suspension  events  will  result  in  proportional  levels  of  damping 
force  and  only  the  rare  "high-speed  excursions"  will  result  in  constant 
force  due  to  relief  valve  "blow-off". 

Damping  forces  of  the  order  described  infer  very  large  energy 
levels  to  be  absorbed.  The  Iwyinr  converts  the  mechanical  energy  into 
heat.  Therefore,  in  order  to  prevent  overheating,  a  high  performance 
damper  for  an  off-road  vehicle  must  dissipate  such  heat  very  effectively. 

The  mein  source  of  ride  discomfort  is  vehicle  pitching.  This 
results  from  excitation  of  the  pitch  mode  natural  frequency  of  the 
vehicle.  This  is  typically  vary  low  (c  1  Hz).  Oscillation  of  this 
type  must  be  adequately  Impel.  However,  it  is  undesirable  that  a 
danger  should  respond  positively  to  the  higher  frequency,  small  aapli- 
tude  oscillation  induced  fay  passage  over  cobblestone  surfaces  (or,  in 
the  case  of  tracked  vehicles,  track  links.)  Response  to  these  would 
result  in  unwanted  energy  dissipation. 

Current  Suspension  Systems 


Most  vehicle  suspension  systems  involve  linkages  which  convert 
the  vertical  motion  of  the  roadwhmel  into  an  angular  movement.  Common 
examples  of  this  are  the  trailing  arm  and  the  wishbone  types  of  suspen¬ 
sion.  However,  most  suspension  diapers  currently  in  use  are  of  the 
linear,  piston  type.  Thus  the  angular  mrrismsnl  of  the  suspension 
master  is  reconverted  to  a  linear  motion.  (Pig  1) 

Eig  1 .  Mn— r  fttlMgnpte-dwwt  Aa»t»U<Uoh  (typical) 
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The  most  cannon  linear  suspension  darrper  is  the  hydraulic  teles¬ 
copic  unit  which  is  pin-jointed  to  the  suspension  arm  and  to  a  fixed 
point  on  the  vehicle.  Although  this  type  of  unit  is  adequate  for  most 
road  vehicle  applications  it  suffers  from  a  number  of  disadvantages 
when  considered  for  off-road  operation: 


Ul  In  order  to  provide  damping  forces  of  the  order  required  it  is 
necessary  to  have  either  very  high  internal  pressures  or  a  very  large 
piston  area.  This,  cxabined  with  the  large  amplitudes  over  which 
damping  is  required,  results  in  a  very  bulky  unit  which  esy  be  difficult 
to  engineer  into  a  vehicle  inetal  latlon. 


(ii)  As  mentioned  above,  the  large  damping  forces  which  are  required 
result  in  a  large  amount  of  thermal  energy  to  be  dissipated.  This  can 
only  be  conducted  away  via  the  pin  joints,  and  any  radiation  heat 
loss,  part icul ary  when  the  unit  is  oovered  with  mud,  is  very  small. 
Thus,  sustained  operation  over  typical  cross-country  terrain  is  liable 
to  result  in  overheating  and  failure. 


(ili)  The  typical  location  of  telescopic  dampers  naans  that,  danpers 
are  exposed  to  debris  being  dislodged  by  the  roadwheels  and  damage  to 
the  daoper  due  to  ingress  of  such  debris  is  oo— on. 

Linear  diapers  may  be  uead  with  ary  type  of  spring  e.g.  coll  springs, 
torsion  bars,  leaf  springs  etc.  A  recent  development  of  the  piston 
principle  is,  however,  the  hydro-pneumatic  unit  which  incorporates  a 
gas  "spring"  with  a  hydraulic  dwpar.  A  unit  of  this  type  has  been 
developed  for  the  latest  British  Main  battle  twit  "Challenger".  Allhough 
this  type  of  unit  overcomes  soma  of  the  problems  encountered  with  the 
telescopic,  it  is  not  immune  from  overheating  problems  and  can  only  be 
produced  within  e  viable  space  envelope  by  the  uee  of  very  higi  hydraulic 
pressures  (  90001faf/in*-«M>a) 

This  requires  the  uee  of  ocmplax  (and  expansive)  technology  to  achieve 
acceptable  levels  of  reliability  and  durability. 


In  view  of  the  above,  the  development  of  s  dwper  which  would 
utilise  the  inherent  angular  movsamnt  of  suspension  systems,  has  been 
considered  desirable  far  sons  tins,  this  is  particularly  true  in  the 
fields  of  tracked  military  vehicles  where  e  large  nuabar  of  vehicles 
utilise  transverse  horizontal  torsion  bars  as  s  springing  nsdius  conn¬ 
ected  to  the  road  tfwel  by  s  trailing  arm.  It  is  believed  that 
rudimentary  rotary  daaping  has  bmwi  used  on  soma  Soviet  tracked  vehicles 
and  indeed  the  Mast  German  Leopard  II  is  fitted  with  rotary  friction 
damper.  However,  the  first  known  urns  of  a  hydraulic  rotary  ilmgisi  is 
the  U.S.  Abrahams  N.l.  tank. 

Horstman  Defence  Systems  Ltd  have  bean  involved  in  vehicles  and  sub¬ 


systems  for  almost  70  years.  Indeed,  the  ooapary's  founder.  Nr.  Sidney 
Horst— nn  patented  and  gave  his  n—e  to  a  bogey  type  suspension  which 
has  bean  used  on  many  types  of  vehicle  up  to  — d  including  the  "Chief- 

e 


tain"  tank 
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Rotary  Pam xr  for  HCV  80 


In  1978  Horatman  won  a  contract  to  design  and  daw  lop  a  rotary 
suspension  diaper  for  the  MCV80  vehicle.  This  vehicle  has  a  design 
wei^t  of  23. 5  tom  and  is  tracked  with  12  road  wheels.  It  is 
required  to  carry  a  section  of  tan  infantrymn  including  driver,  crew 
ander  and  a  gunner  ter  the  turret  sounted  30sn.  cannon.  It  is  intended 
that  in  service  the  vehicle  would  operate  in  consort  with  battle  tanka 
and  as  such  eust  display  comparable  Mobility.  This  is  no  naan  require¬ 
ment,  as  the  battle  tank's  greater  overall  length  rentes  it  less 
susceptible  to  pitching  over  a  given  course.  Thus,  in  suspension 
terse,  the  requirements  for  NCV80  awceed  those  required  of  its  aooon- 
penying  battle  tanks. 


Design  Requirements 


In  order  to  give  MCV80  the  required  nobility  a  wheel  travel  of 
400sw  was  specified.  The  design  requirement  to  be  net  by  Horstawn  was 
to  design  e  deeper  capable  of  allowing  wheal  travel  of  this  order, 
whilst  providing  the  required  damping  rate  ip  to  the  blow-off  level 
neoeeeary  for  the  specified  acbility. 

The  vehicle  has  bean  designed  and  developed  by  GW  Sankey  Fighting 
vehicle  Operations.  Their  specification  celled  ter  e  hydraulic  dpteer 
to  be  mounted  at  the  axle  ere  pivot  and  to  include  the  nsneaairy 
bearings.  (Fig2)  Springing  is  provided  by  s  horizontal  torsion  bar 
passed  thro  the  centre  of  the  daapar.  The  bar  is  anchored  by  the 
housing  of  the  corresponding  wheel  station  on  the  opposite  side  of  the 
vehicle. 

rig  2  Integral  notary  Deeper. 


VALVE  BLOCK 
DAMPER  CASE 
ENO  COVER 
ROTOR 
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Description  of  Unit 


the  Horstman  Rotary  Hydraulic  Suspension  Danger  is  in  concept 
similar  to  a  two  vane  rotary  actuator.  IVo  vanes  are  attached  to  a 
rotating  hub  and  a  further  two  to  an  annular  stator  casing,  this 
effectively  creates  four  discrete  fluid  cavities.  (Pig  3) .  Whereas,  in 
an  actuator, pressure  is  applied  to  diagonally  opposite  cavities  to 
generate  rotational  movement,  in  the  damper,  rotation  of  the  hub  results 
in  pressure  being  generated  in  the  two  cavities  which  are  diminished 
by  the  rotational  movement.  The  daaping  rate  is  determined  by  the 
rate  at  which  fluid  is  allowed  to  leak  from  the  pressurised  chanters 
across  the  rotor  vanes,  via  seals,  orifices  and  valves. 

Fig  3.  Section  through  Damper  Cartridge. 


PRESSURE  RELIEF 


ORIFICE 


Conventional  rotary  actuators  require  near -perfect  sealing.  This 
is  achieved  by  coeplex  elastomeric  elements  and  an  extremely  rigid 
structure.  This  results  in  a  relatively  heavy  unit  vhich  must  function 
at  modest  pressures  and  an^ilar  velocities  in  order  to  achieve  adequate 
seal  life.  However,  in  a  rotary  deeper  application,  perfect  sealing 
is  not  of  paramount  importance.  Angular  velocities  may  also  be  an 
order  of  magnitude  hi£wr  than  those  generally  specified  for  actuators. 
Further,  as  this  is  a  vehicle  application,  it  is  desirable  to  minimise 
wei£tt  and  hence  to  desi^i  the  structure  for  the  required  life  and  not 
to  preserve  rigidity  underall  circumstances.  These  requirements  demand 
a  sealing  system  different  from  those  used  in  rotary  actuators. 
Horetnen  Defence  Systems  have  developed  a  sealing  system  capable  of 
satisfying  these  somewhat  tnusual  requirements.  This  system  does  not 
give  perfect  seeling,  allowing  a  Mali  rat a  of  letfuigs  screes  the 
vans,  this  leefcsgs  flow  is  laminar  and  tharafors  highly  taaparatura 
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In  order  to  minimize  this  dependence  e  fixed  orifice  is  incorporated 
in  the  rotor  vane  producing  a  substantial  ly  temperature  independent 
flow  path.  The  oonfcination  of  the  "parasitic”  leakage  around  the 
vanes  and  the  orifice  flow  gives  an  almost  linear  deeping  rate.  This 
rate  is  only  dependant  on  fluid  temperature  to  a  small  extent.  By 
close  attention  to  the  detailed  engineering  of  the  seal  system,  it  has 
been  possible  to  achieve  a  clasping  rate  which  satisfies  the  stiff 
damping  characteristic  considered  necessary  for  this  vehicle. 

Fig  4.  Typical  Rotary  Deeper  Performance  Characteristics. 


RAO/SEC  - ► 

one  of  the  siyilf  icant  advantages  of  an  annular  working  area  is 
that  a  relatively  large  swept  voluam  can  be  contained  within  a  modest 
space  envelope.  This  aeens  thet  large  damping  torqums  can  be  generated 
by  hydraulic  pressures  of  the  order  considered  normal  in  industrial 
systems,  typically  3000-4000  bf/in*  (200-300  Bar).  Obviously  this  is 
highly  advantageous  in  designing  seal  systsae,  however,  it  does  impose 
severe  requirements  on  the  valve  system  instituted  to  give  "blow-off" 
at  amoassive  angular  velocities.  (Fig  4.)  It  is  clear  that  in  order 
to  achieve  e  relatively  "flat”  characteristic,  at  vertical  tiieel  velo¬ 
cities  of  several  metres  par  second,  s  wry  large  values  of  oil  suet 
be  transferred  across  the  rotor  vena  ones  the  blow-off  pressure  has 
been  achieved. 

This  function  has  bean  satisfied  by  the  urns  of  e  number  of  pressure 
relief  values  incorporated  in  the  rotor  vane.  A  further  benefit  of 
this  is  that  isfiri  can  be  differentially  rated  to  give  higher  blow  off 
in  a  desired  direction.  On  tracked  vehicles  it  is  desirable  to  haw 
lower  blow-off  forces  in  the  ntaad  direction  in  ardor  that  road  Wise  Is 
do  not  "hsng-^"  (i.e.  can  return  quidtly  to  their  normal  position 
following  a  tump,  dan  ths  only  force  restoring  than  is  that  imposed 
by  ths  torsion  bar  or  spring.)  in  order  to  prevent  build-up  of 
internal  hydraulic  pressure  due  to  rapid  cyclic  actuation  or  thermal 
scansion  of  the  damping  fluid,  a  spool  type  change  over  valve  is  used 
to  want  ths  non  pressurised  chdhsrs  to  an  asternal  ly  mounted  reservoir. 
(Fig  5) 
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Ths  danger  unit  is  flange  mounted  to  the  vehicle  hull.  This  is 
inportant  for  two  reasons:  Firstly*  a  large  area  of  oontect  is 
maintained  between  the  dasper  unit  and  the  vehicle  hull.  This  permits 
the  vehicle  hull  to  function  as  a  very  effective  heat  sink,  dissipating 
the  energy  absorbed  by  the  daapsr.  Secondly*  this  type  of  mounting 
allows  a  very  "clean"  outside  profile  such  that  the  damper  is  well 
protected  from  dssmgw  due  to  ballistic  attack  or  terrain  dsbris  thrown 
up  by  roadwheels  and  trademark. 


Rig  Testing 

In  order  to  fully  teat  the  rotary  suspension  damper*  Horstman 
Defence  Systems  haws  commissioned  a  niter  of  special  purpose  test 
rigs.  The  most  significant  of  these  is  a  large  electro-hydraulic 
teat  stand  which  is  capable  of  simrcising  rlsspmrs  over  the  entire 
service  range  of  torques  and  speeds.  In  a  damper  the  hl*ast  torqpes 
are  generated  by  the  hiijftset  angular  velocities.  Thus,  this  test 
stand  has  an  instantaneous  power  rating  in  excess  of  300  M.  Other 
rigs  are  a  performance  bast  rig  of  more  modest  rating,  and  a  general 
purpose,  hydraulic,  teat  bench  for  ooaponant  evaluation. 

Over  4000  hours  of  rig  tasting  ham  now  bean  completed.  This 
has  covered  investigation  into  all  aspects  of  functional  performance, 
structural  integrity  and  long  tans  durability.  Dasper  units  have 
been  fully  evaluated  against  a  test  cycle  compiled  from  actual  vehicle 
data,  covering  the  prescribed  duty  cycle.  Several  such  tests  of  600 
hours  duration  haw  bean  satisfactorily  cxapletad,  and  most  recently 
such  a  test  was  continued  to  1000  hour*  without  failure.  This  duration 
equates  to  two  whirls  "overhaul"  lives. 

Althou*  it  is  recognised  that  such  tasting  cannot  repleoe  actual 
whicla  testing,  it  allow  the  damper  to  be  evaluated  in  berms  of 
durability  and  partor senna,  this  has  ambled  a  high  level  of  confidence 
to  be  established  prior  to  the  installation  of  cowry  deny***  on  the 
customers  vehicles. 


Vehicle  Testing 


The  first  dmqisr  wits  ware  delivered  to  the  customer  in  mid 
1979  and  since  that  time  over  iso  tempers  haws  been  sqppliad  for 
tasting  on  prototype  vehicles.  Over  100,000  Iha  vehicle  tasting  has 
bean  carried  eat  on  MlWatry  Of  Defence  tasting  gwsiii  and  very 
hi*  levels  of  reliability  haw  bean  achieved. 

Nary  independent  authorities  have  canmsntad  moat  favour  ably  on 
the  level  at  rfttfc  cemfort  that  is  achieved,  mn  whan  traversing 
severe  awes  country  terrain.  Ms  suspension  psrformsnos  is  reported 
to  be  such  that  ths  vehicle  may  be  driwn  at  constant  throttle  and 
Waste  oonsidsrad  to  b*  very  hi*  for  the  type  of  terrain. 


The  basic  function  of  an  armoured  infantry  vehicle  is  to  carry 
infantry,  and,  as  mentioned  above,  MCV80  carries  a  section  of  ten 
men.  It  is  therefore  of  great  inportance  that  the  men  being  transported 
should  arrive  at  their  dismounting  point  in  a  fit  state  to  fi^tt.  The 
suspension  of  the  MG/80  has  been  fully  evaluated  in  instrumented 
vehicle  testing  which  has  been  reported  elsewhere.  This  testing 
suggests  that,  in  the  service  environment  MCVSO's  ooop  lament  will 
cover  the  ground  more  quckly  and  in  more  comfort  than  in  other  vehicles 
of  this  type. 


Frequency  response  testing  has  shown  that,  although  the  dsn per  responds 
very  effectively  to  frequencies  normally  associated  with  pitch  oscill¬ 
ation,  energy  dissipation  at  high  frequsncies  (  30HZ)  is  very  low. 
vehicle  testing  has  shown  that  the  suspension  is  free  from  the  harshness 
frequently  experienced  in  telescopic  dampers  at  hi£i  frequency. 


Thermal  performance  has  also  been  shown  to  be  very  good  «m  whan 
operating  in  high  anbient  tenperatures,  and  this  has  permitted  conven¬ 
tional  elastomeric  seels  to  be  used  extensively  without  thermal  degrad¬ 
ation. 


Fig  6.  GWt-Santoy  HCV80  Vehicle. 


now  designed  a  range  of  similar  Integral  daaper/axle  ana  units  for 
vehicles  across  the  range  of  weight  from  10-40  tomes.  Of  course, 
each  of  times  designs  are  applicable  to  vehicles  having  horiaontal, 
lateral  torsion  bar  springing,  together  with  trailing  arm  type  suspen¬ 
sion.  thus  they  are  moat  applicable  to  nsw  designs  of  vehicle  or 
thorns  where  substantial  redesign  can  be  undertaken.  Obviously  this 
is  of  little  interest  to  vehicle  manufacturers  with  established  designs 
where  the  space  such  a  damper  mi£it  require  is  already  filled.  In 
view  of  this,  Horstman  have  addressed  themselves  to  the  problem  of 
producing  s  assign  of  dwpsr  which  is  capable  of  being  fitted  to  an 
existing  vehicle  without  significant  change. 
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Lever  Arm  tvwWnfrv  Deeper 


To  satisfy  this  requirement,  ttorstnan  have  designed  a  lever-arm 
rotary  dasper .  Again  tha  oonoapt  of  law  an*  dating  is  not  novel, 
such  wits  being  prevalent  on  cars  and  ooamerical  vehicles  during  the 
1950's.  However,  such  units  converted  the  rotary  notion  of  the  arm 
into  the  linear  notion  of  piston-type  units,  the  Horstnsn  lew-arm 
rotary  unit  utilises  the  sealing  technology  previously  developed  for 
the  integral  den per  units  to  produce  a  ccapact,  high  performance  defer, 
which  can  be  readily  atachad  to  the  side  wall  of  a  vehicle.  The 
danper  lew  is  attached  to  the  euepansion  safer  by  a  link  which  nay 
be  cranked  to  allow  latitude  in  locating  the  nounting  face.  Aleo  as 
there  is  no  necessity  to  pass  the  torsion  bar  spring  throu^i  the 
centre  of  s  lew-ana  deeper,  the  overall  size  for  a  given  rating  can 
be  sfstantially  reduced,  particularly  at  tha  nailer  and  of  the  range. 

Cbviously,  an  externally  nounbed  unit  oamot  be  n  invulnerable 
to  foreign  object  denege  as  the  integrated  version.  However,  the 
rounded  shape  and  detailed  daalyi  of  the  external  seal  render  this 
wit  aucti  lan  vunesable  than  a  nan  traditional  piston  type  wit. 
Hie  flat  face  an  the  irboerd  side  of  the  defer  in  readily  nounted 
onto  the  side  plate  or  chnolo  anhar  to  aneure  affective  hast  dini¬ 
ng  7-  *Bm* 
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Although  this  unit  has,  in  the  first  instance,  been  designed  for 
installation  on  tracked  vehicles.  In  principle  there  is  no  reason 
why  it  could  not  be  installed  on  wheeled  vehicles.  Indeed,  since 
angular  movement  is  just  as  apparent  in  the  suspension  of  wheeled 
vehicles, the  technology  or  rotary  suspension  danpers  is  of  equal  rele¬ 
vance.  Detailed  design  of  the  lever  arm  unit  has  now  been  completed 
and  it  is  intended  to  evaluate  its  performance  on  several  vehicles 
during  1984. 


Horstman  Defence  Systems  Ltd  have  designed  and  developed  a  rotary 
suspension  damper  which  is  capable  of  providing  large  damping  forces 
on  large  wheel  travel  suspension  systems.  By  the  use  of  modern 
hydraulic  technology  a  compact  design  with  a  high  level  of  thermal 
dissipation  and  immunity  from  foreign  object  damage  has  been  achieved. 
The  design  concept  has  been  fully  demonstrated  on  the  GKN-Sankey 
MCV80,  a  high  mobility  armoured  infantry  carrier. 

The  technology  involved  can  be  applied  in  various  designs  to 
vehicles  over  a  very  large  weight  range  utilising  the  angular  movement 
inherent  in  most  caiman  suspension  systems. 

The  Horstman  Rotary  Danper  provides  levels  of  performance  normally 
only  associated  with  more  sophisticated  (and  expensive)  types  of  sus¬ 
pension.  Furthermore,  because  of  the  high  levels  of  reliability  and 
durability  achieved  fcy  this  type  of  unit,  a  very  low  "whole-life" 
cost  suspension  system  can  be  created. 
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AOOPHJBPCBqafTS 

Ttia  successful  development  of  the  Hon  teen  rotary  damper  for 
HCV80  could  not  have  been  achieved  without  very  close  co-operation 
with  the  eteff  of  CKM-Sankey  (Fighting  Vehicle  Operations),  ttorstmtn 
Defence  System*  ere  proud  to  have  contributed  to  the  success  of 
NCV80,  which  has  show  itself  to  be  a  most  impressive  vehicle. 

Horsemen  Defence  Systems  Ltd  is  a  amber  of  the  BIS  Croup  p.l.c  . 


/ 


AD-P004  385 


1077 


QUICK  CONNECT  INTERVEHICLE  COUPLING  SYSTEM 


I.  0.  KM,  G.  Wray ,  and  J.  Nazalewlcz 

Stsvsns  Institute  of  Technology,  Cast la  Point  Station,  Hoboken,  NJ 


SUMMARY 


Thia  paper  cover*  the  design,  fabrication  and  operational  testing 
of  an  electronically  controlled,  hydraulically  powered,  articulated 
intervehicle  coqpling  joint  which  permits  rapid  vehicle  coupling 
without  external  assistance  and  with  substantial  intervehicle  mis¬ 
alignment. 


A  microprocessor  based  control  system  will  be  added  to  coordinate 
the  individual  engine  and  transmission  operations  and  to  optimize 
and  simplify  the  control  of  the  articulation  joint. 

Testa  to  date  have  shown  that  the  vehicles  can  be  coupled  in  less 
than  one  minute  even  with  substantial  misalignment  between  the  two 
units«  and  that  obetacle  climbing  capability  la  greatly  improved. 

A  field  teat  program  ia  being  planned  to  determine  the  gaina  in  mo¬ 
bility  obtainable  with  thia  coupling  ayatem  aa  compared  to  a  single 
vehicle. 
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Vehicles  connected  by  an  intervehicle  joint  are  not  new.  Some  are 
connected  by  passive  jointa,  such  as  trailers.  In  others,  such  aa 
earthmovers,  the  two  halves  are  connected  by  a  powered  joint  which 
is  then  need  for  steering.  Tracked  vehicles,  using  power  articulated 
jointa  for  steering  without  detracting  from  the  propulsive  effort, 
have  shown  superior  mobility  in  soft  soils  and  snow  for  seme  time. 
Lately,  control  of  the  pitch  attitude  between  vehicles  has  bean  added 
for  superior  obetacle  crossing  capability.  Adding  this  third  dimension 
can  pose  control  problems  for  the  driver,  often  detracting  from, 
sometimes  negating,  the  advantages  of  the  coupled  system. 

Side-by-side  performance  comparisons  of  coupled  versue  identical 
single  machines  demonstrate  that  the  gaine  in  mobility  can  be  elgni- 
f leant,  and  should  be  of  benefit  in  tactical  situations.  But,  on 
the  other  hand,  the  single  machines  are  adequate  for  most  of  the 
everyday  operations  for  which  they  are  designed. 
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The  coupling  system  presented  here  allows  the  vehicles  to  be  used 
in  the  usual  way  as  long  as  there  are  no  particular  mobility  problems) 
but  to  be  connected  quickly,  without  exposure  of  personnel  to  external 
hasards.  when  increased  nobility  is  needed.  The  versatility  which 
this  approach  offers  permits  us  to  re-think  the  applications  of  coupled 
vehicle  systems. 

At  the  time  of  this  writing,  a  coupling  Joint  has  been  designed,  fab¬ 
ricated,  and  installed  on  two  M-113  APC's.  The  system  is  operational 
with  relatively  simple  controls.  The  vehicles  can  be  quickly  coupled 
and  uncoupled.  The  joint  can  accomodate  large  initial  misalignments 
of  the  two  vehicles  in  the  process  of  coupling.  The  development 
is  now  underway  of  a  microprocessor  based  control  system  which  optimizes 
the  performance  of  the  coupled  vehicle  system  by  coordinating  the 
forces  that  are  generated  by  the  joint  with  those  generated  by  the 
traction  elesmnts.  Further,  the  possibilities  will  be  explored  that 
exist  for  an  autoautic  coupler  using  a  target  homing  device,  and 
for  incorporating  a  terrain  sensing  device  in  the  vehicle  control 
system. 

Finally,  a  field  teat  program  will  be  conducted  to  determine  tradeoffs 
between  system  size  and  sophistication  needed  and  the  mobility  gains 
that  can  be  made .  it  is  expected  that  the  technology  developed  here 
can  be  transferred  to  other  vehicle  systems  and  applications. 

OPERATIONAL  REQUIREMENTS 

The  coupling  system  is  designed  to  satisfy  the  following  operational 
philosophy: 

The  individual  vehicles  will  operate  as  single  unitB  as  far  as  their 
mobility  permits.  The  added  coupling  components  should  not  impair 
normal  operation.  The  vehicles  will  be  coupled  when  an  operator  antic¬ 
ipates  that  the  single  vehicle  cannot  handle  a  certain  terrain  or 
obstacle,  or  failing  that  judgement ,  after  a  vehicle  becomes  immobilized. 
This  requires  that  coupling  can  be  accoaplished  even  after  one  vehicle 
is  stuck  in  an  awkward  attitude,  (ttwiaion  here  e  vehicle  etuck 
in  a  creek  bed,  unable  to  climb  out  either  in  forward  or  reverse.) 

The  coupling  process  will  be  controlled  by  the  driver  in  the  rear 
vehicle,  because  he  can  see  the  Joint.  (Later ,  a  homing  device  could 
be  used  for  that  purpose.)  The  hydraulic  actuators  will  position 
and  latch  the  meting  parts  of  the  cooler.  No  one  is  needed  outside 
the  vehicle  for  the  coupling  process. 

When  coupled,  the  assist  given  to  the  immobilized  vehicle  will  utilize, 
to  the  maximum  extent  possible,  the  traction  forces  that  can  be  generated 
by  both  vehicles.  The  attitude  control  generated  by  power  articulating 
the  joint  will  direct  these  forces  to  the  most  advantageous  line 
of  application,  the  intervehicle  forces  generated  by  the  Joint  will 
augment  the  traction  forces  that  are  lacking. 


(For  distinction:  articulated  vehicles  usually  can  only  operate  in 
tandem,  with  one  power  plant  for  both:  coupled  machines  are  individually 
powered  and  can  be  used  solo.) 
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The  coupled  vehicles  ere  expected  to  have  mobility  superior  to  that 
of  the  single  M-113,  when*  dishing  steps  greater  than  two  feet 
in  height,  crossing  ditches  wider  than  seven  feet,  entering  and  exiting 
bodies  of  water,  negotiating  short,  vary  steep,  slopes  (greater  than 
60%  for  one  vehicle  length),  and  steering  in  very  soft  soils  and 
snow.  Rasta ining  in  the  coupled  mods  during  normal  operations  will 
allow  higher  cross-country  speeds  over  rough  terrain  and  iaprove  dir¬ 
ectional  control. 

The  coupling  system  has  to  accomodate  the  necessary  combined  freedom 
of  motion  in  pitch,  yaw  and  roll;  provide  the  correct,  timely  and 
coordinated  action  of  the  joint  and  traction  forces*  and  force  the 
correct  co-axial  alignment  of  the  coupler  during  the  coupling  process, 
all  as  dictated  by  terrain-vehicle  interaction. 

In  the  detailed  design  of  the  coupling  system  the  following  major 
guidelines  were  followed! 

1.  The  ability  to  quickly  couple  and  uncouple  the  vehicles 

is  of  first  priority. 

2,  Tho  quick  coupling  thou  Id  bo  accomplished  in  lees  than 

one  m lnuto  and  from  within  the  vehicle. 

1.  The  coupling  system  thould  cause  minimum  interference 
with  the  porfottmneo  and  usefulness  of  the  oinglo 
vehicles. 

4.  Tho  quick  coupling  system  is  to  be  sised  for  a  two 

unit  machine. 

5.  intorvohiclm  assist  will  be  used  to  tuppltomnt  normol 

t ruction. 

6.  Tho  driver’s  t ash  will  bo  kopt  simple,  in  lino  with 

normal  shills.  Tho  tashs  of  Intorvohiclo  and  traction 
control  coordination  are  to  be  done  by  microprocessors. 

7.  Allow  tor  the  maximum  yaw  and  pitch  angles  that 

intorvohiclo  cl oor uncos  permit. 

DBoamai  or  the  iyiti 


*.  Mechanical 

The  coupler  cone lets  of  a  plug,  mounted  on  the  rear  of  the  forward 
vehicle,  which  is  latched  inside  the  socket  attached  to  the  rear 
vehicle.  This  asseafely  ie  force  articulated  in  yaw  and  in  pitch 
by  hydraulic  cylinders. 

Figures  1  and  2  show  the  details  of  the  coupler#  attached  to  N-113 
AFC's  including  the  latching  arrangement  between  the  socket  and  plug. 
The  dotted  lines  in  Figure  1  show  the  components  in  the  stowed  position. 
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The  stowed  plug  prevents  the  reap  froa  being  coapletely  lowered  on 
herd  ground.  However,  the  resulting  step  up  onto  the  reap  is  less 
then  the  floor  height  of  the  vehicle.  Photographs  of  the  respective 
side  end  top  views  of  the  coupler  instelled  on  the  vehicles  ere  shown 
in  Figures  3  and  4. 

The  working  rsnge  of  the  pitch  erticuletion  of  the  coupler  with  respect 
to  the  forward  unit  ere  45*  up  end  45*  down  froa  the  horisontel. 

The  socket  atteched  to  the  rear  unit  can  be  pitched  up  45*  and  down 
20*.  Most  of  this  notion  can  be  utilised  during  operation  without 
aechanical  interference  of  the  two  vehicle  hulls  depending  on  combined 
yew  and  pitch  attitudes.  Further  upward  notion  (60*  end  65*)  of 
the  joint  helves  is  used  for  stowing  purposes  only. 

The  primary  pitch  notion  is  about  the  forward  pitch  axis,  secondary 
notion  is  about  the  rear  axis.  Thus,  the  vehicles  are  permitted 
to  asaune  angular  and  parallel  misalignment  simultaneously.  The 
yaw  articulation  limits  are  45*  to  the  right  and  left  from  the  centerline. 
The  yaw  and  pitch  motions  are  independent.  Yaw  notion  occurs  only 
between  the  forward  unit  and  the  coupler  plugi  the  socket  is  fixed 
in  yaw  to  the  rear  unit.  The  coupler  plug  rotates  freely  in  the 
socket  permitting  free  roll  notion  between  units. 

B.  Hydraulics 

The  hydraulic  schematic  is  shown  in  Figure  5.  The  system  consists 
of  a  variable  displacement  pump,  which  supplies  both  the  yaw  cylinders 
and  the  pitch  cylinders  through  two  separate  servovalves  to  produce 
a  pitch  or  yaw  rate  of  15 '/second  maxima ■  Pressure  relief  valves 
and  cross  port  reliefs  provide  overload  protection.  The  rear  unit 
has  the  identical  pump  installed,  to  actuate  the  rear  pitch  cylinder 
and  the  latching  mechanism. 

C.  Controls 


For  the  present  purpose  of  demonstrating  the  quick  coupling  capability 
the  hydraulics  are  analog  controlled.  The  engines  and  transmissions 
are  controlled  either  manually  or  with  the  master /slave  servo  controls. 
At  the  present  time.  Intervehicle  signals  are  transadtted  via  umbilical 
cord,  to  be  replaced  by  radio  (or  similar)  transstission  links  later. 

Under  the  next  phase  of  this  effort  a  microprocessor  control  system 
will  be  implemented  to  coordinate  the  utilisation  of  traction  and 
articulation  forces  to  the  best  advantage  of  the  system,  and  at  the 
same  time  protect  the  joint  against  overloads.  The  tentative  control 
schematic  with  its  supporting  subsystems  is  shown  in  Figure  6. 


KttULW 


To  date,  the  check  out  of  the  coupling  system  installed  on  the  two 
vehicles  has  shown  the  following! 
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1.  The  mechanical  and  hydraulic  components  of  t ha  coupling 

system  function  am  intended. 

2.  Coupling  can  ba  achieved  with  substantial  misalignment 

between  units. 

3.  The  coupling  system  assists  in  obstacle  c limbing. 

In  ths  operational  tests  performed  to  date,  all  of  the  design  goals 
mere  either  met  or  exceeded. 

Coupling  and  mooupUnf  can  be  achieved  without  axtarnal  aaaistanca 
in  less  than  tan  seconds  under  ideal  conditional  but  it  sty  take 
iV  to  one  einute  with  aevere  aisaligtnmnt  of  the  vehicles .  Coupling 
has  been  accomplished  with  a  difference  in  elevation  of  42*  (appx. 

1  eater)  between  the  eachinea  and  an  angular  misalignment  of  up  to 
60*.  The  coupled  amchinas  have  cliabed  a  45"  (115  ca. )  a tap  (the 
height  of  a  loading  platform) ,  compared  to  the  2'  (60  cm.)  a tap  poa- 
aible  with  the  a ingle  vehicle. 

The  wall  to  wall  turning  dimaetar  ia  44*  (13. S  m)  with  a  combination 
of  joint  and  track  ateering  and  with  the  vehiclea  at  a  pitch-up  at¬ 
titude  to  reduce  ground  contact  length. 

OCVCT,flgIQ*B 

A  quick  coupling  feature  can  be  incorporated  into  a  coupling  joint 
ay a ten  which  ia  capable  of  providing  substantial  mobility  assistance 
to  the  vehicles.  The  ability  to  provide  seek  assistance  when  needed, 
but  also  to  allow  erne  of  the  vehicles  ia  the  cuetomary  a ansa  at  other 
tinea,  provides  maw  Opportunities  for  applications  where  an  expanded 
need  exists  fori 

o  obstacle  negotiation 
o  platform  stability 
o  platform  attitude  control 
o  intarrehicle  assistance 
o  traction  augmentation 
o  vehicle  survivability. 


This  work  ia  supported  by  the  Catenae  Advanced  ha ee arch  Projects  Agency 
and  monitored  by  the  6.6.  Army  Tank -Automotive  Command.  Dr.  C.  ». 
Rally,  III,  Chief  of  the  System  Science  Division.  DAMS*  provides 
direct  technical  supervision i  Mr.  tlbor  Csako  of  the  Tank-Automotive 
Concepts  Laboratory  ia  Scientific  Progrei  Officer. 
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ESTIMATION  OF  WEAR  LIFE  OF  HEAVY  DUMP  TRUCK  TYRE 


T.  MURO  *.  S.  HATA  **  and  R.  FUKAGAMA  ** 

*  Ehlma  Unlv.,  Matsuyama,  JAPAN  **  Kyoto  Unlv.,  Kyoto,  JAPAN 


\  SYNOPSIS 

°A  frictional  work  of  each  tyra  has  boon  calculated  by  means  of  rigorous 
mathematical  analysis  and  practical  approximate  method  at  cornering  site. 

To  estimate  a  wear  life  of  each  tyre,  a  relation  between  amount  of  wear 
and  frictional  work  has  been  Investigated  for  some  period,  and  then  an¬ 
other  relation  between  residual  depth  of  tread  and  operation  time  has 
been  measured  In-sltu  for  several  tyres  of  a  capacity  45  tons  heavy  dump 
truck.  ^ 

As  a  result,  the  change  of  amount  of  wear  of  tyre  with  the  passage  of 
operation  time  can  be  expressed  by  an  exponential  function  as 

x  •  da  [  1  -  exp  (  -  :-^'-*Mc-t  )  ]  . 

Here,  x  Is  a  length  of  wear  of  tread,  t  Is  an  operation  time,  a  Is 
a  length  of  wear  per  unit  frictional  work  of  tyre,  AWc  Is  a  frictional 
work  per  unit  operation  time,  da  Is  a  converted  depth  of  tread  from 
tyre  deformation,  xc  Is  the  length  of  wear  of  tread  when  a  relation 
between  coefficient  of  friction  and  slip  ratio  of  tyre  has  been  measured. 

Then,  the  wear  life  of  tyre  t|(hr)  for  x  ■  xe  (mm)  Is  calculated  as 
follows  ; 

«t  ■  -  -  H  )  (  ,,  .  *  )  . 

««« 

Tyre,  Wear,  Dwp  truck.  Friction 


INTRODUCTION 

In  recent  years,  heavy  dump  truck  has  been  supersized  more  and  more  as  an 
earth  moving  transportation  vehicle  at  large  scale  earthwork  site,  such 
as  earth  fill  dam,  land  reclamation  work  or  soil  excavation  site,  and  It 
has  been  contributed  to  Increase  an  efficiency  of  construction.  Here,  as 
an  Important  durability  problem  of  construction  machinery,  a  change  of 
amount  of  wear  of  heavy  dump  truck  tyre  with  the  passage  of  operation 
time  end  a  wear  life  of  each  tyre  have  been  analysed  theoretically.  And 
the  elm  of  this  stiMfcr  Is  to  build  up  a  rational  method  to  estimate  the 
wesr  life  of  tyre,  and  to  Improve  a  construction  system  by  means  ef  In¬ 
creasing  the  durability  of  heavy  dump  truck  tyre. 
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To  analyse  the  wear  mechanism  of  00  tyro,  a  systematic  study  concerning 
with  trail  conditions,  l.e.  slope,  radius  of  curvature,  and  relation  be¬ 
tween  coefficient  of  friction  and  slip  ratio  etc.,  operational  conditions, 
l.e.  vehicle  speed,  acceleration  at  driving,  and  retardation  at  braking 
etc.,  and  vehicle  dimensions,  l.e.  size,  weight.  Inertia  of  tyre  and  vehi¬ 
cle,  and  position  of  gravity  center  etc.  should  be  taken.  That  Is,  a 
frictional  work  of  each  tyre  should  be  calculated  by  means  of  rigorous 
mathematical  analysis  and  practical  approximate  method,  from  the  equations 
of  motion  of  vehicle  and  tyre  which  are  Introduced  at  driving  and  braking 
for  straight  and  cornering  motion  on  several  slopes. 

Especially  on  cornering  site,  the  amount  of  wear  of  tyre  Increases  remark¬ 
ably.  The  dependence  of  radius  of  curvature  of  trail  and  vehicle  motion 
on  each  slip  ratio  and  coefficient  of  friction  of  tyre  should  be  analysed 
in  detail  for  each  position,  and  then  the  characteristics  of  frictional 
work  of  each  tyre  will  be  clarified. 

Next,  the  change  of  amount  of  wear  of  each  tyre  should  be  analysed  with 
the  passage  of  operation  time,  considering  the  trail  conditions  and  vari¬ 
ous  vehicle  notions.  In-sltu  test,  the  amount  of  wear  of  each  tyre  of  a 
heavy  dump  truck  (Capacity  45  tons)  has  been  measured  In  every  month.  At 
the  same  time,  the  shape  of  trail,  slope,  radius  of  curvature  at  cornering 
site,  the  vehicle  motion,  and  the  relation  between  coefficient  of  friction 
and  slip  ratio  have  been  measured.  After  the  relation  between  amount  of 
wear  and  frictional  work  of  each  tyre  has  been  Investigated  for  some  peri¬ 
od,  the  method  of  estimation  of  wear  life  was  established. 

EQUATION  Of  MOTION 

tetfflcjint  of  friction  mA  H1>.giyo 

Fla.  1  (a)  shows  several  vectors  of  frictional  force  end  velocity  at 
driving  and  braking  ,  which  occur  on  a  cornering  tyre.  «  Is  a  vector 
of  velocity  In  the  moving  direction  of  tyre.  Rm  Is  a  vector  of  circum¬ 
ferential  velocity  of  tyre.  In  which  R  Is  a  radius  of  tyre  and  te  Is  a 
rotational  angular  velocity  of  tyre.  And  the  vector  of  slip  velocity  «s 
can  be  expressed  as  ss  ♦  Asa  •  Here,  the  angles  between  F  ,  u  ,  v«  and 
rotational  plane  of  tyre  are  given  as  a  ,  0  ,  y  ,  respectively.  2  Is  a 
slip  angle  of  tyre  which  Is  given  as  an  angle  between  rotational  plane  and 
moving  direction  of  tyre.  Slip  ratio  Sion  1"  the  longitudinal  direction 
(or  rotational  plane),  and  another  slip  ratio  Slit  1*  the  lateral  direc¬ 
tion  (or  normal  direction  to  rotational  plane)  of  tyre  are  expressed  ap¬ 
proximately  for  small  slip  angle  0  as  follows.  ** 


At  driving  (  0  s  u  cos0  <  Rw  ) 

Sl„  •  <*■  -  “  gy)  gtf-  ,  0  (1) 

Silt  ■  *  »!«•  (*) 

At  braking  (  u  coal  2  Rw ) 

Sin  *  ■***  ~  *  Sd-  <  o  (3) 

Siat  •  <«> 


Nero,  whan  the  value  of  Slat  1*  negative  hr  positive  far  c  lectori  sa)s  lip 
angle,  the  tyre  tame  eeunterclechvleo  te  loft  head  aide. 


Fig.  1  (a)  Foret  and  slip  velocity  developed 
on  tyro  at  cornering 


Direction  of  Tyre  to  Direction  of  Tyre  to 
Cornering  Center  Cornering  Center 


Fig.  1  (b)  Forets  developed  on  tyro 
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The  relation  between  coefficient  of  friction  u  and  slip  ratio  S  of 
tyre  depends  on  rubber  tread  Material,  carcass  and  tread  structure,  and 
surface  condition  of  roughness  or  Material  of  trail.  It  Is  cleared  that 
the  coefficient  of  friction  Is  directly  proportional  to  slip  ratio  for 
Initial  slip  of  tyre.  °  That  Is, 

u  •  c  s  (5) 


where  c  Is  a  constant. 


In-sltu  test  results  concerning  with  an  uni so tropic  friction  of  tyre  were 
reported  for  N  type  treed  tyre.  °  It  was  cleared  that  both  frictional 
phenonana  In  longitudinal  and  lateral  direction  of  tyre  are  alnost  Iso* 
tropic  In  a  region  of  static  friction,  the  shape  of  ellipse  of  friction  w 
approaches  to  circle,  and  both  directions  of  slip  and  frictional  force  of 
tyre  are  situated  on  a  straight  line. 


Equation  of  Vehicle  Motion 

Pig.  2  (a)  snows  a  node!  of  heavy  dunp  truck  which  Is  running  on  a  slope. 
Slope  angle  I  Is  positive  for  ascending  notion,  t  Is  a  distance  fron 
front  to  rear  wheel  axis,  tf  and  lr  Is  a  distance  fron  front  and  rear 
wheel  axis  to  gravity  center  G  of  vehicle,  respectively.  Rl  and  wi 
is  a  radius  and  angular  velocity  of  each  tyre.  In  which  suffix  1  shows  a 
tyre  position,  l.e.  1:  front  left  wheel,  2:  front  right  wheel.  3:  rear 
left  wheel,  4:  rear  right  wheel.  W  Is  a  total  vehicle  weight,  Ni  Is  a 
nomal  load  acted  on  each  tyre,  and  U  Is  a  velocity  of  vehicle. 

Fig.  2  (b)  Is  a  plan  of  vehicle  running  on  X-T  plane.  In  which  both  Mov¬ 
ing  direction  of  vehicle  and  each  tyre  and  direction  of  forces  acted  on 
thaw  are  shown,  respectively,  bf  Is  an  Interval  between  left  and  right 
front  tyre,  and  br  Is  an  Interval  between  left  and  right  rear  tyre.  Kf 
or  Kr  Is  a  distance  fron  front  or  rear  wheel  to  gravity  center  of  vehi¬ 
cle  respectively.  1%  Is  an  angle  fron  X-axis  to  vehicle  axis,  and  Os 
Is  an  angle  fron  X-axis  to  Moving  direction  of  vehicle,  csl  Is  an  angle 
between  X-axis  and  Moving  direction  of  each  tyre.  Here,  all  the  clockwise 
angle  from  X-axis  are  defined  to  be  positive,  h  Is  a  slip  angle  of  ve¬ 
hicle  fron  its  axis  to  Moving  direction  of  It,  Bsl  Is  a  slip  angle  of 
each  tyre  fron  Its  longitudinal  direction  to  Moving  direction  of  It.  ®si 
Is  a  steering  angle  of  front  tyre  fron  vehicle  angle  to  longitudinal  di¬ 
rection  of  tyre,  Is  an  angle  from  Moving  direction  of  tyre  to  that 
of  vehicle,  and  all  the  clockwise  angle  are  positive. 


The  Mutual  relations  of  each  angle  are  shown  as  follows  ; 

0*  •  *s  -  Ts 
♦si  ■  *s*  *s1 
0s1  ■  Csl  *  «s1  •  Is 
■  Bs  -  »s1  *  hi 


yf  or  Yr  Is  a  constant  which  Is  calculated  as  tan"‘(bf/2£f)  or 
tan"!(br/2£r)  respectively. 


As  shown  In  Fig.  1  (b-1)  ,  force  Fi  acted  on  each  tyre  Is  conposed  of  a 
force  P<  acted  In  Its  Moving  direction  and  another  force  C{  acted  In 
Its  direction  to  cornering  center.  Forces  Pi  and  Ci  are  given  as 
follows  ; 
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P1  *  wtanl  N1 
Cl  •  wnorl  N1 


*  (  ulonl  cosBsl 
“  (  Ulonl  slnfisl 


♦  ulatl  s'fnBsl  )  Ni 
-  ulatl  cosftsi  )  Ni 


(9) 

(10) 


And  those  forces  Pi  and  Ci  are  divided  to  another  forces  In  a  moving 
direction  of  vehicle  and  Its  direction  to  cornering  center,  as  shown  In 
Fig.  1  (b-11 ) . 


Next,  3  equations  of  notion  of  vehicle  In  Its  moving  direction.  In  Its 
direction  to  cornering  center,  and  In  Its  rotational  direction  are  Intro¬ 
duced  In  terms  of  Its  gravity  center  as  follows. 
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cos( 
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(13) 

Here,  g  Is  gravitational  acceleration,  Jz  Is  moment  of  Inertia  of  ve¬ 
hicle.  Ni  Is  a  normal  load  acted  on  each  tyre  which  Is  calculated  from 
both  equilibrium  equations  of  moment  In  terms  of  gravity  center  of  vehicle 
In  Its  longitudinal  and  lateral  direction,  and  condition  of  4  lowest  parts 
of  each  wheel  to  be  positioned  on  a  same  plane  after  deformation  of  spring 
and  tyre.  Therefore,  the  normal  load  Nf  Is  directly  varied  by  accelera¬ 
tion  or  retardation  of  vehicle. 


Fig.  3  Is  an  approximate  model  of  heavy  dump  truck,  of  which  4  wheels  are 
replaced  by  2  single  wheels.  As  an  approximate  practical  method,  next 
equations  of  motion  are  established  for  this  approximate  model. 


Ft  ■  -J-  (  ♦  9  slnl  ) 


Fn 


Ulonf  cos(  B  -  a  )Nf  -  c  slnBf  s1n(  0  -  a  )Hf 

♦  Mlonr  co*B-Nr  -  c  slnBr  slnB-Nr  (14) 

JL  JiL 

9  r 

Ulonf  B  -  a  )  Nf  ♦  c  slnBf  cos(  B  -  a  )Nf 

♦  wionr  slnB-Nf  ♦  c  s1n$r  cosBNr  (15) 

J*  “TT*- 

Ulonf  slna-Nf  If  +  c  slnBf  cosa-Nf  if  -  c  slnBr'hr  lr  (16) 


Here,  f  or  r  means  front  and  rear  respectively.  The  difference  be¬ 
tween  rigorous  mathematical  analysis  and  approximate  practical  method  does 
not  appear  for  straight  motion,  but  Increases  gradually  with  an  Increase 
of  steering  angle  of  tyre  for  cornering  motion. 


Table  1  Dimensions  of  tyre  and  heavy  dump  truck 
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Equation  of  Tyre  Motion 

fanning  a  moving  direction  and  a  clockwise  rotation  of  each  tyre  to  be 
positive,  the  following  equation  of  rotational  notion  of  tyre  is  derived 
froai  moment  equilibrium  condition. 


Ii  »  (  M1on1  -  wr  )  N,  R<  -  T<  (17) 

Here,  Mionl  is  •  coefficient  of  friction  occurred  In  each  tyre  by  driv¬ 
ing  or  braking  torque  Ti  .  ur  Is  a  rolling  coefficient  of  friction.  I( 
Is  a  moment  of  Inertia  of  each  tyre. 

Next,  the  equations  of  rotational  motion  of  front  and  rear  tyre  derived 
from  previous  approximate  model  are  as  follows  i 


If 

d  wf 

~at 

*  (  ulonf  -  »R  )  Hf  Rf  -  B  T 

(18) 

Ir 

d  *>r 

"TT- 

-  (  ^lonr  -  MR  )  Nr  Rr  -  T 

09) 

Here,  B  Is  a  torque  ratio  of  front  to  rear  wheel. 

In  the  above  equations,  the  terms  of  Inertia  are  negligibly  small  values 
from  the  result  of  observation  of  movement  of  practical  heavy  dump  truck 
tyre.  Assuming  that  Rf  Is  nearly  equal  to  Rr  .  the  following  relation 
is  derived. 

“lonf  ■  »  (  Honr  -  HR  )  hr  /  Nf  ♦  MR  (20) 

Now,  the  method  of  rigorous  mathematical  analysis  Is  to  transform  the 
coordinate  system  of  equations  (11)  (12)  (13)  and  (17)  to  another  one 
expressed  a  sloping  terrain,  and  to  simulate  a  slip  ratio  Slonl  ,  Slatl  , 
velocity  of  tyre  ui  ,  and  normal  load  Ni  ,  calculating  a  velocity  and 
rotational  angular  velocity  of  vehicle  and  tyre  for  a  given  steering  angle 
«s1  and  torque  Ti  of  tyre  In  each  time  At  .  In  previous  report  M,  the 
values  of  frictional  work  of  each  tyre  at  straight  or  cornering  motion  of 
vehicle  on  a  flat  or  inclined  terrain  were  compared  with  each  other  for 
several  representative  examples.  As  a  result,  this  method  has  a  weak 
point  which  needs  a  lot  of  time  for  calculation.  On  the  other  hand,  the 
practical  approximate  method  is  to  calculate  a  slip  ratio  of  front  and 
rear  tyre  by  solving  the  unknown  values  Mionr  ,  Bf  and  Br  in  equations 
(14)  (IS)  (16)  and  (20)  for  measured  value  Ft  ,  F«  and  N  ,  and  to  com¬ 
pute  the  coefficient  of  friction  mobilized  on  each  tyre  by  means  of  divi¬ 
sion  of  those  slip  ratios. 


IN-SITU  TEST 


KML.  the  dimensions  of  tyre  and  heavy  dump  truck  at  empty  or 
loaded  state.  In  this  table,  coefficient  of  rolling  friction,  modulus  of 
elasticity  of  front  and  rear  wheel,  height  of  gravity  center  of  vehicle, 
and  total  weight  of  vehicle  have  been  directly  measured  1n-s1tu. 


Characteristics  of  Course  and  Movement  of  Vehicle 
Fig.  4  (a) Is  a  plan  of  courses  of  heavy  dump  truck  at 
excavation  site.  There  are  9  kinds  of  course  from  A1 


to 


soil  and  rock 
A9  ,  and 
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several  heavy  dump  trucks  run  up  and  down  between  first  or  second  throwing 
hole  and  each  excavating  face.  Total  round  distance  of  each  course  Is 
about  10.2  Km.  Average  longitudinal  slope  Is  9.2  l,  and  maxlmm  one  Is 
IS. 6  X.  The  geographical  feature  of  this  district  Is  comparatively  gentle 
as  shown  In  Fig.  4  (b)  .  And  the  roadbed  Is  composed  of  weathered  gran* 
Ite,  of  which  elastic  wave  velocity  Is  690  m/sec  for  P  wave  and  405 
m/sec  for  S  wave.  The  road  surface  Is  kept  In  good  condition  by  means 
of  compaction  of  decomposed  granite  soils,  and  It  has  been  justified  to  be 
put  In  a  good  maintenance  from  the  results  of  power  spectrum  analysis  ^ 

On  the  other  hand,  the  characteristics  of  movement  of  heavy  dump  truck, 
l.e.  distance,  slope,  radius  of  curvature,  velocity,  acceleration  and 
retardation  of  vehicle  for  each  section  of  courses  were  measured  by  use 
of  8  mn  movie  camera  and  they  have  been  analysed  precisely. 

Measurement  of  Wear  Amount  of  Tyre 

All  the  tyres  measured  In-sltu  test  are  earth  moving  service  tyre  21.00  - 
35  -  36  PR  ;  N  type  tread  of  Initial  depth  68  mm.  And  It  Is  an 
off'the-road  tyre  which  Is  well  manufactured  for  cut  resistance.  Its 
standard  dimension  Is  as  follows  ;  outer  diameter  2050  am,  width  591  m, 
height  504  mm,  and  Inner  pressure  5.6  kgf/cm1  (548.8  fcPa).  As  the  heat 
resistance  of  tyre  Is  comparatively  low,  the  temperature  of  front  tyre 
which  Is  severely  used  at  carrying  down  on  a  slope  exposed  to  the  sunshine 
in  summer  time  was  controlled  not  to  be  over  the  critical  temperature  of 
tyre  112*C.  The  amount  of  wear  of  tyre  was  measured  every  month,  and  It 
was  expressed  as  an  average  value  of  4  residual  depths  of  tread  which  were 
measured  by  use  of  depth  gauge  at  each  point  of  one  fourth  of  tread  width. 

Fig.  5  (a)  shows  the  measured  wear  histories  of  front  left  tyre  FI  , 
front  right  tyre  FR  ,  rear  laft  tyre  RL  ,  and  rear  right  tyre  RR  , 
which  relate  residual  depth  with  operation  time.  Here,  the  residual 
depths  of  tread  of  FR  and  RR  are  calculated  as  averaged  values  of  In* 
ner  and  outer  tyre  respectively.  Then,  an  amount  of  wear  of  tyre  Is  given 
as  a  difference  of  Initial  depth  of  tread  and  residual  depth  of  It. 

In  general,  rear  tyre  tends  to  be  worn  more  than  front  tyre  *>*,).  But,  In 
this  case,  the  amount  of  wear  of  front  tyre  approached  to  the  same  value 
as  that  of  rear  tyre,  because  the  front  wheel  load  Increased  due  to  carry* 
Ing  down  motion  of  vehicle  and  the  large  braking  torgue  acted  on  front 
wheel  at  braking.  The  variation  of  residual  depth  of  tread  was  remarkable 
at  initial  operation  time,  and  the  change  of  Mount  of  wear  of  tyre  with 
the  passage  of  operation  time  tended  to  be  expressed  by  an  exponential 
function.  The  wear  life  of  each  tyre  was  long  enough  end  It  was  estimated 
to  be  from  4,000  hours  to  5,000  hours. 

RELATION  8CTWHDI  FUCTIONAt  WORK  AMI  AMOUNT  OF  WEAR 

The  frictional  work  per  one  round  monament  of  eech  front  and  rear  tyro 
positioned  at  right  or  left  hand  side  of  heavy  dump  truck  f*  has  been 
calculated  for  each  course  from  vehicle  motion,  and  distance,  slope  and 
radius  of  curvature  of  trail  measured  In-site.  In  this  calculation.  It  is 
assumed  that  only  rear  wheel  Is  drived  at  driving  and  both  front  and 
roar  wheel  Is  braked  at  braking  as  the  torque  ratio  B  equals  0,  0.5 
and  1.0.  Next,  the  frictional  work  of  tyre  positioned  In  k  for  some 
period  of  measurement  of  amount  of  wear  of  tyre  Fw(k)  Is  able  to  calcu¬ 
late  as  a  summation  of  the  product  of  lumber  of  round  movement  of  vehicle 
nj  on  eech  course  J  and  frictional  work  per  one  round  movement  of  each 
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Fig.  5  (a)  Measured  wear  history  which  relates 

residual  depth  d  with  operation  tlm  t 
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tyre  on  each  course  fw(k)j  . 

Thetis.  F*  (k)  «  jnj.f„(k)j  .  (21) 

As  the  frictional  work  of  each  tyre  F*(k)  for  some  period  of  wear  meas¬ 
urement  has  been  calculated  by  use  of  v  -  s  curve  determined  for  a  tyre 
of  wear  length  xc  .  It  should  be  Modified  for  the  tyre  of  average  wear 
length  x  within  that  period  of  wear  Measurement.  Assuming  the  modulus 
of  elasticity  In  shear  of  tread  Is  equal  to  that  of  carcass,  the  relation 
between  slip  ratio  S  for  a  tyre  of  wear  length  x  and  slip  retie  Sc 
for  a  tyre  of  wear  length  xc  Is  given  as  follows  ; 


S 


♦  dc  -  x 

-r$-~5T 


(22) 


Here,  do  Is  Initial  depth  of  tread,  and  dc  Is  converted  height  of  car* 
cass  which  contributes  to  tread  deformation. 


Therefore,  the  modified  frictional  work  F*M(k)  Is  given  as  follows  ; 


setting  do  ♦  dc  *  da  • 

F’w(k)  •  (£-7~>*  FwOO  •  (23) 

Now.  the  relations  between  calculated  frictional  work  F*w(k)  and  meas¬ 
ured  amount  of  wear  H(k)  tor  some  period  of  vehicle  operation  are  shown 
In  Fig.  6  (a)  (b)  (c)  .  The  frictional  work  has  been  calculated  for  each 
tyre  positioned  In  FL  ,  FN  ,  RL  and  Mt  of  the  test  vehicle  for  the 
period  of  wear  measurement  at  the  broking  torque  ratio  1*0.  0.5,  and 
1.0  respectively.  As  a  result,  the  frictional  work  seams  to  be  propor¬ 
tional  to  the  amount  of  wear.  That  Is, 

N  (k)  -  a  (k)  •  F*w  (k)  (2«) 

Here,  a(k)  is  an  amount  of  wear  per  unit  frictional  fork  of  tyre  posi¬ 
tioned  In  k  ,  and  It  takes  a  constant  value  dr  ter  ml  pad  by  tyre  structure, 
tread  pattern  and  robber  material  etc..  As  the  asefMi  value  of  alk)  Is 
defined  to  be  T  tor  5  test  tyres,  T  equals  ^.gP^iO”*  •/kgf-m  for 
8  «  0  ,  J  equals  1.524x}Qr*  an/kgf-m  for  8  •  0;i  ,  and  T  equals 
1.268*1  O'*  nm/kgf*m  for  B  •  1.0  . 


As  mentioned  prevlaeSly^She  frictional  work  of  tyre  f’w  has  been  given 
as. 


F’w  *  J’-Jj-r-fc*  ?c  “  h  V  dt  .  (ts) 

Therefore,  the  variation  of  woar  length  of  triad  Ax  with  the  passage  of 
operation  time  At  Is  able  to  calculate  as  fbllews  s 


Ax  •  a  AF*H  • 


“ta'-'xc  *c,,*v*4* 
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Integrating  above  equation  with  tine  for  the  boundary  condition,  l.e. 
x  ■  0  at  t  ■  0  ,  It  Is  cleared  that  the  wear  history  curve  of  tyre  Is 
expressed  by  an  exponential  function.  That  Is, 

x  •  d*  [  1  -  exp  (  -  ^  J*  Sc  P  *  v  dt  )  ]  (27) 

In  general,  the  frictional  work  of  tyre  Fw  Is  propotlonal  to  the  opera¬ 
tion  tine  t  .  That  Is, 

Fw-pScWttvdt-hMc-t.  (2®) 

Here,  AUg  Is  a  constant.  Substituting  this  relation  Into  equation  (27), 
next  equation  Is  Introduced  as, 

x  -  da  [  1  -  exp  (  -  ^  -A  Mg  •  t  )  ]  .  (29) 

Then,  a  wear  life  of  tyre  l.e.  a  total  operation  tlae  of  vehicle  t£ 
until  a  tyre  Is  worn  out  perfectly.  Is  able  to  calculate  as  follows  ; 

tg  .  ftJ,  (  da  -  «  )  (30) 

,  where  xg  Is  a  Halt  of  wear  length  of  tread  of  tyre. 

The  estlaeted  wear  history  curves  are  drawn  saoetbly  by  use  of  equation 
(27)  or  (29)  for  different  braking  torque  ratio  •  .  Fig.  S  (b)  shows 
the  estlaeted  wear  history  curves  of  each  tyre  of  test  vehicle  for  •  ■  0, 
O.S  and  1.0  respectively.  The  wear  length  of  front  tyre  seeas  to  be 
larger  than  that  of  rear  tyre  when  braking  torque  ratio  •  varies  fran 
O.S  to  1.0.  Furtheraere,  coaparlng  this  estleated  wear  history  curve  with 
that  aaasured  one,  the  value  of  I  Is  estlaeted  to  be  about  1.0.  That 
Is,  the  test  vehicle  Is  considered  that  the  braking  torque  of  front  wheel 
Is  nearly  equal  to  that  of  roar  wheel. 

In  the  above  calculation,  d(  •  <8  snu  dg  >  30  m,  d*  •  98  ae,  xc  •  30  m, 
xe  •  M  and  a  wear  life  of  tyre  is  calculated  as  an  operation  tlae 

when  a  residual  depth  of  tread  bacoaas  10  pa.  For  an  exaaple,  AMc  of 
left  and  right  rear  tyre  is  calculated  to  be  1 .286*10*  kgfafhr  and  1 .284* 
10*  kgftqThr  respectively  far  I  •  0  .then  the  wear  life  of  left  and  right 
rear  tyre  bacoaai  5,125  hours  and  5,212  hours  respectively. 

Therefore,  the  wear  history  curve  and  wear  Ilfs  of  tyro  Is  able  to  estl- 
aste  properly.  If  the  braking  torque  retie  Is  aaasfi*ud  accurately. 

Furtheraere,  the  relation  batwaia  wear  Ufa  of  OR  tyro  and  coefficient  of 
Its  troll  condition  has  beep  analysed  in  d«tt11  n. 

man  u«  nun 
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To  eetlaete  a  wear  history  curve  and  a  wear  Ufa  of  tyre  of  heavy  daqp 
truck,  it  is  neoetsary  to  ™.tia  rofatwes  libnsi  aaett  of  wear  of 
tyro  asiufil Imto  and  frictional  work  of  tyre  calculated  during  ean 


operational  period  for  Its  trail  condition  and  vehlde  operational  condi¬ 
tions.  Afterwards,  the  total  characteristics  of  wear  history  curve  of 
tyre  should  be  analysed  by  means  of  these  relations.  Then,  the  wear  life 
of  each  tyre  Is  able  to  estimate  properly. 

The  obtained  results  are  sumnarized  below  ; 

1)  The  amount  of  wear  of  tyre  Increases  remarkably  at  the  time  of  driving 
up  a  slope  or  braking  down  a  slope,  and  especially  at  driving  or  brak¬ 
ing  at  cornering  site.  The  wear  amount  of  tyre  driving  up  a 
slope  Increases  parabollcally  with  Its  slope  angle. 

To  decrease  the  amount  of  wear  of  tyre,  It  Is  necessary  not  to  drive 
or  brake  suddenly  on  a  slope,  to  design  a  slope  angle  as  small  as  pos¬ 
sible,  to  construct  a  flat  cornering  site,  and  to  design  Its  radius  of 
curvature  as  large  as  possible. 

2)  The  amount  of  wear  of  tyre  at  cornering  Is  Inversely  proportional 
to  the  radius  of  curvature  of  trail.  When  driving  or  braking  torque 
acts  on  rear  wheel  only,  the  rear  tyre  Is  worn  away  by  a  large  accel¬ 
eration  or  retardation  of  vehicle  at  a  higher  slope  angle  and  also 
by  a  large  centrifugal  force  to  be  directly  proportional  to  a  square 
of  vehicle  speed.  At  cornering  site,  the  amount  of  wear  of  rear  tyre 
turning  Inside  Is  the  greatest  of  all  tyres. 

3)  In  general,  the  wear  history  curve  of  tyre  Is  expressed  by  a  next  ex¬ 
ponential  function. 

x  ■  da  [  1  -  exp  (  -  (j-  *  x<;  A  Wc  •  t  )  ] 

Here,  x  (hi)  is  a  wear  length  of  tread,  t  (hr)  Is  an  operation 
time,  a  (am/kgfm)  Is  a  wear  length  per  unit  frictional  work  of  tyre, 
AMc  (kgfW/hr)  is  a  frictional  work  per  unit  operation  time,  da  (mm) 
Is  a  converted  depth  of  tread  from  tyre  deformation,  xc  (ma)  Is  the 
wear  length  of  tread  when  a  relation  between  coefficient  of  friction 
and  slip  ratio  of  tyre  has  been  measured. 

4)  The  wear  life  of  tyre  t£  (hr)  for  x  •  x£  (mm)  Is  calculated  as 
follows  ; 


*  .  -  at )  («,.„)  . 

Estimating  a  wear  life  of  tyre  by  means  of  the  above  method  may  be 
evaluate  to  be  useful  for  a  management  of  OR  tyre. 
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Japanese  Terra— chanlcs,  3,  pp.  90  -  96,  1983.  (In  Japanese) 

7)  T.  Muro,  N.  Enokl  ;  Near  life  of  08  tyre  and  coefficient  of  Its 
trail  condition,  Japanese  Terra— chanlcs,  3,  pp.  97  -  104,  1963.  (In 
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RUO  INTRODUCES  A  CHAIN  DEVICE  TYPE 
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"TERRA"  -  THE  NEW  COMBINATION  OF 


I 

o 
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POIYURETHAN  ANO  ALLOY  STEEL  FOR  SNOW.  SANO  AM)  OFF-THE-ROAD  TERRAIN 
0R.-IN6.  HANSJ0R6  RIEGER 


The  increasing  expenses  in  the  development  of  tracked  araoured  vehicles 
and  thus  resulting  trend  for  araoured  wheel  vehicles  has  led  to  the 
idea  to  develop  an  “off -the -road  chain".  This  new  design  guarantees 
the  maneuverability  of  a  wheeled  vehicle  and  is  coapatible  with  a 
tracked  vehicle. 

the  new  developed  RUO  off-the-road  chain  type  "TERRA*  is  aade  of 
breaking  resistant  and  tough  polyurethan  in  combination  with  a  very 
robust  chain  mesh  made  of  alloy  steel.  Special  chain  elements  allow 
quick  and  easy  fitting. 

Thorough-going  tests  with  leading  manufacturers  of  armoured  vehicles 
have  proved  that  the  maneuverability  in  heavy  muddy  terrain  is 
identical  with  the  results  of  a  tracked  vehicle. 


The  bearing  surface  of  the  tire  is  increased  by  approx.  50  l,  there¬ 
fore.  the  tendency  of  sinking  in  of  the  vehicle  is  considerably 
reduced. 


The  specific  arrangement  of  the  single  plates  guarantees  good  traction 
and  self-cleaning  of  the  chain. 

The  result  is  an  improvement  of  the  climbing  power  and  stability  on 
slippery  underground  as  well  as  on  sand. 

This  new  chain  device  can  be  used  on  roads  up  to  max.  speed  of  60  km/h 
without  damaging  the  road  surface.  She  tires  are  protected  by  the  chain 
and.  therefore,  their  economy  is  increased./' 


f 

I 
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Pleas*  allow  us  to  sua  up  again  in  details  the  Min  advantages  of  the 
"off -the -road  chain"  as  well  as  to  indicate  the  most  popular  tire 
sizes  for  which  this  chain  device  is  available. 


*  plates  eade  of  breaking  resistant  and  tough  polyurethan  in  com¬ 
bination  with  a  very  robust  chain  mesh  made  of  alloy  steel 

*  Increase  of  maneuverability  in  "off-the-road"  terrain  up  to  the 
fielt  of  (tracked)  armoured  vehicles 

*  the  bearing  surface  of  the  tire  is  Increased  by  approx.  SO  l 

*  increase  of  climbing  power  by  approx.  SO  l 

*  stability  on  underground  is  guaranteed  when  firing  a  cannon 

*  it  is  possible  to  drive  on  roads  up  to  a  max.  speed  of  60  km/h 
without  damaging  the  road  surface 

*  tires  are  protected  by  the  chain 

*  special  chain  elements  allow  quick  and  easy  fitting 

*  economy  of  the  chain  is  guaranteed  by  easy  exchange  of  the  plates 


Available  tire  sizes  (for  single  wheels): 

11.00-16 

20  179 

205  R  -  16 

20  146 

7.50-16 

20  153 

12.00-20 

20  202 

12.5-20 

20  187 

13.00-20  Pilote  X 

20  211 

14.5-20 

20  201 

14.00-20 

20  220 

18-22.5 

20  217 

16.9-30 

20  619 

18-20  EB 

20  213 

18.00-25 

20  249 

20.5-25 

20  244 

22-20 

V  20  870 

A 

For  dual  tirei*lf 

demand  I 

.  ** 

* 

Of  course,  there  Is 
not  listed  she 
important.  % 
following  schedule 
chains  are  used. 


■tion  e f  cfl 
h  question  u||M*er  chemrt* 
(cates  the  mw  clearance 


„  ♦ dr  tire  sixes 
iMitcle  is  very 
fll  fitted,  the 
I  red  If  TERM 


j 


no? 
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The  technical  details  and  data  are  shown  in  the  following  infor¬ 
mation  sheet.  The  material  for  the  plates  is  a  high  quality 
polyurethan  with  resistance  of  more  than  90  shore.  After  many  and 
thorough -going  tests  this  material  proved  to  be  the  most  suitable 
one.  The  plate  is  made  in  a  mould  or  if  the  quantity  will  allow  it 
in  a  more  economic  way  of  injection  die-casting.  Ouring  tempering 
the  plates  are  bended.  This  bending  is  important  for  a  better  fit 
of  the  chains  on  the  tires.  The  share  of  cost  of  the  polyurethan 
plate  compared  to  the  chain  can  be  described  as  approx.  70  :  30  *. 
Damaged  plates  can  be  exchanged  at  any  time  with  very  simple  tools. 

The  chain  mesh  is  made  of  compact  round  steel  chains  made  of  alloy 
steel,  breaking  and  wear  resistant.  The  chain  mesh  can  be  fitted 
and  closed  without  any  tools  thanks  to  very  simple  construction 
elements. 

Thanks  to  the  particular  design  there  is  no  fixed  connection  between 
chain  and  plate.  This  guarantees  above  all  the  realization  of  such 
a  design. 

The  chain  is  covered  by  patents  in  most  countries  of  the  world. 


i 


mmti 
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Off-tha-road  chain,  type  "TEWbf  for  working  Machines 


Plates  Made  of 
clastic,  wear  re¬ 
sistant  poly- 
urethan,  In  order 
to  protect  the 
road  and  to  en¬ 
large  the  bearing 
surface. 


Robust  round  stel 
chain  links  Mde 
of  alloy  steel, 
breaking  and  wear 
resistant,  Meant 
as  additional 
gripping-  and 
uear  « Invents. 


Technical  dates 

*  round  steel  chain  links,  protecting  tyres  and  road 

*  chain  uesh  also  closed  without  gaps  at  the  comectin  point  by  naans 
of  the  MHO  -  central  lock 

*  breaking  strength  of  the  chain  aesb  350  PMmv* 

*  the  bearing  surface  of  the  tyre  will  be  increased  on  an  average  by 
SO  f 

*  prevents  a  sinking  down 

*  protects  the  road  an  the  tyres 

*  will  guarantee  an  econoaic  application  of  the  device  beyond  the  road 

*  due  to  the  permission  of  the  design.  Movable  on  solid  roads  also  in 
case  of  changing  the  position 

Qrtl8LjgliS*U<* 

Cross-country  vehicles  and  Machines  in  off -the -road  chains,  typt  "Tthhh", 
have  been  released  by  the  kreftfshr  judneaant  far  being  used  on  roads. 

The  only  exception  ere  roads  paved  with  clinker  osaent.  tilth  regard  to 
roads  paved  with  black  pitch,  the  chains  ere  only  ai  lowed  to  he  mad  in 
the  period  fro a  the  1st  October  to  the  SIM  April. 
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Dm  following  diagrams  demonstrate  efficiency  of  the  off-the-roed 
chain  type  "TERRA*.  The  comparison  tests  hed  been  «Mde  with  a  non 
skid  chain  type  ON  74  F,  eade  in  our  works;  this  type  of  chain  is 
introduced  with  several  Nato  countries  as  non  skid  chain  and  listed 
for  procuramants. 

To  enable  you  to  have  a  comparison  between  a  standard  non  skid  chain 
and  the  off -the -road  chain  type  "TOM’1  we  enclose  a  nsnaary  on  page 
8  of  an  article  published  in  the  magazine  "Mehrtechntk",  idiere  you 
can  find  the  most  important  data  for  a  comparison. 

The  enclosed  diagrams  will  shew  you  that  the  mein  advantage  of  the 
"TERRA”  chain  is  the  mcra<pd  bearing  surface,  which  presents  the 
vehicle  to  sink.  At  the  same  tine  the  traction  is  essentially  in¬ 
creased  to  compare  wfth  a  standard  tire.  The  main  advantages  of  the 
"TERRA"  Chain  are  evident:  increased  bearing  surface  and  traction. 


TM€  MEM  TRACT I (*  CHAIN 

Articol  published  in  the  flaraan  Haoaylno  "Uahrtochnlk"  Issut  6/76 

The  dovolopaant  of  aw  vehicles  with  •  higher  aotor  fore*  (higher  h.p./t) 
end  the  application  of  tires  with  larger  width  end  higher  cepecity  for 
both  civil  end  ailitary  use  requested  development  of  the  so  fer  know 
non  skid  cheins.  In  eddition  to  this  it  wes  elos  requested  to  heve  cheins 
with  e  longer  service  tiae.  fluring  the  lest  ten  yeers  flUO-Kettenfabrik 
Rieger  fl  Diets  ChbH  u.  Co.  of  Aelen.  West  flemeny,  developed  e  completely 
new  traction  chein  device.  The  tests  were  eede  not  only  in  off -the -road 
duty  but  also  in  winter  duty  If  veer  tests  where  cheins  were  used 
■ore  then  15  000  ka  (appr.  9  000  miles)  on  ebnerete  surface.  In  eddition 
to  this  the  feraan  Bundeswehr  eede  their  owe  tests  on  non  skid  cheins  of 
different  nake  end  constructStll  tafihi  the  ideal  chein  for  the  vehicles 
of  the  second  generation.  As  e  teegjt  pe.fpoan  Oundeswehr  has  selected 
the  "fileitschutzkette  OH  74  F*  (non  skid  chain  OH  74  F). 


f*  (non  skid  chain  OH  74  F). 


The  chain  aesh  is  aade  out  of  a  center  strend  running  in  the  direction 
of  the  wheel  circueferance.  In  addition  to  the  longitudinal  sections  to 
insure  stability  against  side  siltt  Ohm  ere  oblique  chain  portions  to 
insure  the  transfer  of  the  trestle*  fersas.-  The  chein  aesh  of  a  chain 
suitable  for  twin  wheels  fwt' 'Or tUft. parallel  designed  "single 

spur-chains".  1 


Contrary  to  the  spur -chef*  so  fer 
inner  length  of  chain  IMPeis  ti 
ttaes  diaaeter  to  a  new  flNflb  «f  § 
chain  link.  This  has  co*MNHM^F< 
banding  and  wear.  In  co^pMlNK  fl 
minimum  breaking  rMitttaaKMI 


'•m! 


tflereueed 

iJtmSr 


■Hr  links  ere'i 
e".  which  a eae 
i  adjacent  ck| 
.  •asides  ad* 
•If  higher  we* 


it  is  possible  to  adjJif 
conditions.  The  chain  cMj 
tools.  73 

The  traction  force  of  tin 
covered  road  by  measuring 
end  e  22-t -trailer.  Thai 
H»S.  The  results:  tire  4 
twin  tires  increeeed  the. 
wheels  even  ifl  fl. 


I  the  flenean  Bundeswehr  the 
p  the  foraer  pitch  of  five 
I  Uses  the  diaaeter  of  the 
|Pt  resistance  against 
Up  in  the  raw  notarial  the 
rWi  link  cross  rnttae  had 

a^ty^gg^jgip 


ideal  1; 
is  prov: 


tmamdE  •- 


mm.  off  jp>>> tend 
lie* -f  re*  eiepllng  lavr ; 
a  according  to  the  ground 
tied  without  any  additional 


in  flvsdon  on  a  snow- 
Hiving  •as  le  of  a  if -t -truck 
m  tut*  wheels  12.00-20 
Pe  outer  wheels  of  the 
cheins  fitted  on  twin 


To  underline  no>  leportant  non  skid  cMlns  cinbe.  «e  Heeeto  retell 
*}g  no, 

allow  to  move  the  vehicle  or  to  keep  it  on  the  road. 

In  soft  and  swaMpy  terrain  the  traction  of  vehicles  can  be  increased 
by  100  up  to  200  «  by  usinfl  non  skid  chains  OH  74  F.  This  Mans  in  far 
•ore  thw  a  "snow  chain*  but  a  eany-purpose  device  of  the  vehicle. 
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OfF-THC-*ttO  CHAIN  TYPE  "TERRA"  FOB  USE  ON  SAND 

Besides  using  the  off -the -road  chain  type  "TERRA"  in  Middy  conditions 
a  great  advantage  could  be  found  for  application  in  sand.  The  vehicle 
is  Mich  easier  to  Manoeuvre. 


instruction  of  use  for  Mi  off -the -rood  chain  Type  TERM  on  tend: 

*  fit  the  chain  according  to  fitting  instruction 

*  than  reduce  tire  pressure  to  1.S  eta 

*  after  sand  operation  increase  tire  pressure  to  standard. 

The  memory  of  e  tost  report  of  an  Uportart  French  car  manufacturer 
indicates: 

The  maneuverability  of  a  chained  vehicle  In  pulverised  sand  la  It* 
creeaad  compared  to  an  unchained  vehicle,  because  of  tho  strong 
reduction  of "Iho  ground  pmotwre.  v 


me 


Pitas*  find  below  the  son ary  of  a  tost  report  of  a  large  French 
Manufacturer  for  anaoured  wheeled  vehicles  for  your  information. 

These  tests  had  been  Made  by  this  company  by  their  own  and,  therefore, 
can  be  considered  to  be  neutral. 

Tests  with  TERRA  chains  in  Muddy  terrain 

Objective  of  the  test:  to  find  out  whether  the  TERRA  chain  Made  by 
RUO  will  increase  the  Maneuverability  of  the  vehicle. 

Time  and  place  of  the  test:  April  13/14,  1982  in  Hailly 

Test  vehicles: 

Vehicle  no.  08,  total  weight  7,9  t 
2.8  1  motor  capacity.  Mixture  8,2 
280  service  hours  reached 
front  and  rear  wheels  chained  with  TERRA. 

Vehicle  no.  08,  total  weight  7,8  t 
2.6  1  Motor  capacity.  Mixture  8,2 
230  service  hours  reached. 

Conditions  of  tost; 

Terrain  very  noddy  with  deep  water  howls 
street  covered  with  asphalt 

Tests  of  the  TOMA  chain; 

To  find  Its  purpose,  the  description,  the  fitting  and  the  advantage  of 
the  TERRA  type  chain. 

Piaenslons: 

The  chain  is  fitted  to  the  tire  having  an  air  pressure  like  under 
normal  conditions;  if  the  thickness  of  the  chain  Is  added,  the  groand 
clearance  Is  Increased  by  nor*  than  100  an,  compared  with  a  ground 
clearance  of  a  vehicle  which  tires  have  a  tire  pressure  of  3,S  bars 
in  nuddy  terrain. 

Oue  to  the  fact  that  on  a  test  In  sand  the  ground  pressure  area  of  a 
chain  wheel  Is  one  third  higher  then  the  ground  pressure  area  of  the 
tire,  the  ground  pressure  is  reduced  by  33  t. 

sea&jsmi 

Terrain:  The  dynamic  tests  were  nede  over  >  hears.  The  vehicle  no.  88 
fitted  with  TERRA  chains  had  ne  difficulties  at  ell  to  overcoat  the 
obsticies  at  one.  The  other  vehicle  ne.  00  was  forced  several  tines 
to  overcome  the  difficult  spots  eed  was  blocked  five  tines.  Ihe  tests 
art  continued  on  a  different  terrain.  Ihe  greater  aanuverobiltty  of 
the  vehicle  no.  08  results  In  throe  reasons: 
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1.  Ground  clearance  sort  than  100  m 

2.  Ground  pressure  reduced  by  one  third 

3.  Grip  of  the  TERRA  chain, 

the  Individual  plates  of  notch  are  flexible  against  each  other  and, 
therefore,  they  are  self -cleaning;  contrary  to  this  the  profile  of 
the  tire  will  be  filled  with  nud  and  consequently,  the  tread  of  the 
tire  nauains  even  and  slippery. 

hoed: 

A  distance  of  40  km  was  driven  on  a  road  covered  with  asphalt.  Naxinua 
speed  was  CO  km/h.  ms  speed  can  be  reached  without  dmaglag  the  cover 
of  the  road. 

Off -the -road  terrain: 

The  chain  can  be  easily  repaired  in  auddy  terrain 
ft— ary; 

to  noddy  and  oershy  terrain  the  me  of  the  TERM  chain  will  considerably 
increase  the  naneuwarablllty  of  the  vehicle  and  enable  that  vehicle  to 
cl  lab  over  obsticles  and  difficulties,  which  would  net  be  possible  with 
an  unchained  vehicle. 


The  tests  were  realized  in  deep  and.  however,  with  a  solid  uadarpround. 
me  output  or  a  TBM  chain  in  rice  fields  in  the  far  last  can  only  be 
confined.  The  assy  neintenance  guarantees  a  quick  repair • 


A  few  photographs  will  demonstrate  the  manifold  possibilities  for  the 
use  of  the  off-the-road  chain  type  TERRA. 


1121 


last  but  not  least  we  would  like  to  show  you  in  short  the  different 
phases  of  the  fitting  of  the  TERRA  type  chain. The  fitting  is  aade  in 
a  very  staple  way,  no  tools  are  required.  To  fit  chains  on  4  tires 
approx.  15-20  ainutes  are  required. 


fitting  end  taking  off  the  RUD  corss 
country  chain  is  done  in  the  saae 
sequence  and  handling  as  with  RUO 
non-skid  chains.  Lay  out  the  cross 
country  chains  closely  in  front  or 
behind  of  the  trt«el  and  arrange  thea. 
Coupling  leverQand  tensioning  chain© 
outwards.  Put  fitting  chain (j) across 
the  tyre  and  close  by  fastwwr  (arrow). 
Attach  side  chain  by  hooks(D©r  by 
copperplated  fitting  hooks. 


Drive  slowly  for  about  one  wheel 
revolution.  Thereby  the  chain  will 
creep  across  the  tyre. 


1122 


v 


i 

i 

i 


itarting  Inside  close  side-chain 
with  hook® then  outside  of 
wheel. 


€ 


hanark:  If  tyres  are  badly  worn, 
you  eay  fit  side-chain  shorter. 


\ 


Fit  central  fastener  together 
in  an  angle  of  90*. 

See  picture. 


* 


h 


P 


h 


Tighten  teMlontng  chain  outside 
of  wheel  and  introduce  the  hook 
2)  into  tin  next  I  Me  within  reach 
of  th»  tensioning  chain®.  Close 
hook . 

hnaarfc:  Mansion  chain  after 
short  dHua  (agpfu.  to  ■).  Chain 
should  In  strongly  tightened  on 
the  tyre.  1 

Dluaanttng  of  ferre  chains  to  la 
done  the  other  way  round. 


AD-P004  388 
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on  or  HiatocoNrara  ncwouwr 
Tucm/nmamn  comuunou 


TO 


niton  tm  pu/omaki  of 


j.m.  oil ns,  s.w.  nxua,  m.j.  vaiuy 

wn  ox  liar  (annum  or  umoi),  vn,  m.  uow,  an,  ihcuiro 


With  eh*  steady  lncrasaa  in  the  sloe  o f  tractors 
boccalnf  1 apart sat  that  the  operator  hoe  aore  laforaetioo  « 
to  provide  laprovod  opportaalty  (or  aerial slap  productivity 
aad  la  hoar  while  aelatelelag  the  pallty  of  work.  This 
the  appllcecloa  of  alcreeeapwter  tochoology  la 
perl  ora  ears  of  tractor/ lap  1  easet  caaMaatloae  la  the  Mold, 
taetallod  ea  a  treater  aad  aead  la  raaaereh  projoete  at 
daecrlhod.  Oetalla  are  glvea  of  eeaeere  that 

terpie,  drive  wheel  apaad,  forward  opaad.  aad  the  f< 
polat  llahaps.  laplao  power,  pto  power,  drawhs 
a  lip  aad  dyaaale  weight  cam  alee  he  derived  hjr  the 
I  lata  display.  Chile  all  theaa  ptraatiert  aay  ha 
sad  da  sal  space  t  work,  aaap  weald  alee  he 
tractor  operettas.  The  prehlaae  of  davaloplag  etaplo 
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that  lafsraotlea  dees  the  operator  (woelra  to  aarlalea  the  prod activity 
of  aeshlaary  aad  lehear  ahUa  aelatalaln  the  peel  tty  of  werkf  With  the 
eteady  laevaeee  la  the  alee  of  treaters  aad  laplaaaate  aad  the  relative 

porfareaaoo  pareaetert  la  aeaded  to  lapreva  the  effioteeey  at  field 
eparetloae.  for  aaay  yaaro  tractor  driven  oaly  had  laferaetlee  oa 

derived,  aad  am  pataaeceea  which  era  Id  ladtaats  poadleg  apadpaoat 

fallara  aaah  ea  a^laa  ell  pact  care,  aaeleat  taaparatara  aad  feel 

level,  however,  eiaoa  the  ald-oavaatlee  aad  the  rapid  dival spacer  at 
aleronUotrealce ,  aaay  aaaitoriag  oyottae  hews  haaa  deealepad  to 
lapreva  the  porfaraaaaa  of  pertlealar  field  eparetloae  each  ae  csahlae 
home t lag,  eaad  drllllag  aad  crap  eprayiag  (Vlleoa,  IMS). 

here  aad  acre  laferaatlea  la  halac  aada  aoallahla  hy  raaaerah  esthete  aa 
cha  affaeta  of  chaatiai  aaaaaacars  ea  tractor  aad  taahoaaat 
perferaaaoa.  If  aaah  of  this  laferaatlea  la  (slag  ta  he  of  valve,  aero 
laferaatlea  aoet  ho  available  ta  cha  Wrier-  darlag  cpsretiaa.  A 

atoraceapatar  eaa  provide  the  heart  af  the  laferaatlea  aye  tin.  Xt  oaald 
aaalter  the  to  coifed  ptrtaafn  aad  darlva  tthart  dor  fail  in 

dlepley.  The  daeelepaMt  of  ddeplay  trrhsrlag)  eiU  ha  eery  tapertaat 
la  prerldlag  the  tafsoaatdae  la  aa  affaatlva  aay  (Wright,  IMS),  The 
atoraceapatar  aaa  provide  dr  versatility  ta  oater  far  the  wide  variety 


of  operations  by  using  different  programs**  for  different  types  ef 
opera  t  loo.  Changes  la  software  any  also  be  ends  as  as  chine  ry 
dovalepaaata  occur. 

In  reeaat  yaare  work  at  Wye  Collate  has  concentrated  on  the  deeelapaaat 
of  sensors  for  use  lo  research  on  the  performance  of  tractor /la* lament 
combinations  In  the  field;  particularly  tillage  operations  which  utilise 
both  drawbar  sod  pto  power.  A  aicroccapwtar  was  Introduced  la  19C2  to 
act  aa  a  data  logger  bat  alee  to  provide  the  operator  with  instant 
food-hack  froa  each  sensor.  This  meant  that  data  could  ho  send led  aa  it 
was  being  collected  and  recorded  aad  aay  equipment  failure  aaa 
lamed  lately  apparent. 

rm  and  mww  mcmoo 


The  data  logging  systea  la  fully  asaatad  aa  the  tractor  under  teat 
(fig.  1)  aad  la  puaarad  by  a  MO  0  generator  aad  tractor  batteries . 
Figaro  2  11  lee  traces  the  arebi  teeters  ef  the  aye  tan.  ganders  with  aa 
naalagaa  signal  am  linked  to  the  eaapater  through  a  12  bit,  30  Channel, 
aaalogao  to  digital  interface,  teas era  with  a  digital  pulsed  signal  ate 
llahad  through  a  4  choanal,  12  bit,  aaantor  Interface.  The  c  sen  tare  am 
re-eot  to  asm  laaad  lately  fed  lowing  a  eaapater  soma. 


saamalag  frequency  from  1  par  second  to  1  per  299  seconds.  If  a  asm 
detailed  study  at  aa  ladlotdeal  channel  la  required,  tin  sannelng 
frequency  can  ba  Increased  te  a  as  si  man  of  1000  sendings  par  second. 
Tha  nut  put  at  each  Choanal  la  Indicated  aa  the  screen.  To  aaa  bin  rapid 
data  storage,  readings  am  stored  la  the  ceapeter's  aamsry  daring  a  tact 
ran.  At  tha  aad  of  each  run  tha  data  am  transferred  to  eaasetta  tape 
aad  tha  senary  cleared  ready  far  tha  east  tee.  Tha  acreaa  la  wary 
important  for  beeping  a  check  Oa  the  perTora— ua  of  each  channel  aad  far 
early  da tact lea  at  equipment  failure  or  naif sect leas. 


The  data  stemd  aa  aaaaecta  tape  ace  transferred  to  diskette  far  eteragb 
ealag  a  aaeaad  alarsesmputsr.  Tha  racer gs<  data  can  be  aoeliy  saseUal 
either  aa  iadteMaal  or  groape  of  channels  using  graph loal  displays  ae 
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mm  or.  Hm  eaglM  hmI  mm  or  lo  (lml  ta  cIom  pr  ox  laity  to  tba 
tlai«|  (Mr  oa  tha  tMtktft.  Ha  («wN  tptti  aoMor  ta  flaol  la  cIom 
trwUlty  to  a  Hoc  flaol  to  tha  1m  14a  a f  a  'fifth*  whMl  thick  la 
a  aortal  aa  tha  tractar  or  laplooMt  oa4ar  toot.  Tha  I  lac  twa  160 
parfaratlaM  ami;  apaeal  la  a  etrcla  claM  to  lta  aotar  alga  ao  that 
tha  aaMor  lot  m  oattat  of  110  polMa  par  rawolotiM  of  tha  whMl. 

Prloa  Whaal  ImoIb 


A  liffaraat  typo  at  aaoaor  mm  aalactat  far  Irlaa  AmI  apaal  4m  to  tha 
aloo  rotatloa  latalttf.  Slot  tel  apto-aoltchM  ara  aoo4  la  CMjoaetlaa 
with  41aca  ooMtal  oo  tha  1m14o  of  aach  Irlaa  «hMl  (Fl|.  2).  Tha 
alottol  opto  aoltch  hM  mm  lafra-tol  aooroa  aa I  MM  or  haMal  ta  a 
Mall  tap  *ilch  lacorporatM  am  lafre-rel  f  11  tar  to  alalalM  aahlaat 
light  of  facta  ami  al  aa  giro  dMt  protact  too.  Each  4  lac  6m  ISO  Math 
aroaal  lta  clreoafaraooo  which  paoo  throagh  tha  lafra-ral  haaa  aol  glaa 
m  oatpat  of  180  palaM  par  raaolattM  of  tha  WhMl. 

SasmttHtstift 

Tha  pMitlM  of  tha  gaMraar  ooatrol  laaar  la  aoaaol  Mlog  m  tug  It 
aacollag  pataatlOMtar  with  12  hit  raaolattM  aamtal  M  tha  tajactor 
paw  (Pig.  4). 

Pta  Tma  M  the  PotwwthofhrM  Polst  Uahaw 

A  Irltlah  homecraft  Car  par  at  1m  atrala  gaagal  traoalaeor  lacorporatlag 
clip  rloga  a afl  trwhaa  la  amatol  am  tha  tvactor'a  pto  ahaft  (Pig.  9)  ta 
lalleato  pto  targM.  A  aallfiol  *1  ah  alto  *  ll4a|a  (Pig.  6)  la  wool  to 
mamma  tha  for«M  am  tha  them  potat  llahaga.  Tha  laagth  of  tha  pto 
traaalaaar  amt  '  (choice '  llahaga  ara  haalaallp  tha  mam  am  that  tha 
ga Matty  of  tapl— Mt  attaohaaat  la  Mlatataal  aaaapt  far  tha  extra 
apMtag  rapolrol.  Thla  taaolta  ta  man  Might  trawler  mat  rolaoM  tha 
Mal,aaa  wight  whleh  way  ho  earrlal  m  tha  ltahagi. 

Tha  ioholta  llahaga  hM  7  atrala  gaagi  lrl|g»a I  9  aaaifag  the  harlaoatal 
(Iraaght)  foroM  m  aaah  llakj  2  aaMlag  tha  wrfttaal  forcM  m  tha  two 
lowr  llakai  ami  2  mm  lag  tha  aHamyt  forew  m  tha  tha  laaar  Make. 
The  tap  llak  la  aieeatag  la  aach  a  wap  ap  ta  ollalaata  oartlaal  mat 
allwwayo  faraw. 


Plgaro  7  lllaatratw  aaw  a 

laaMtof  aol  naarial.  Pto 
lartwai  ealat  straight  fi 


ahlch  aay  ha  hrlM  ft 
paaar  amt  «*Mlel|p 
Itaa  tha 


prtadpal  of 
fwl  lapat  fag 


ealUaratWe  ma  t  jga 


Tto  «|Wte  Mt|kt  oo  elM  4ri«t  MmIi  cm*  calf  ha  cilwUtw  (r«  dM 
Mrlictul  m4  cntlMl  fare**  a*  CIm  thr*a  polat  lUfccji,  If  tlMC*  U 
ala*  •  hwldp  af  CIm  cractar  whaelhaas,  static  axla  Mlfhu,  Dm 
posltlea  af  dM  tkna  salat  llakifi  aaf  ch*  alas*  af  tha  laaf  a*  (kick 
dM  tractor  la  worltlaf  . 


Tbs  sjntM  so  fax  Cascrlhaf  has  teas  laslpsi  far  aaa  la  research  aaf 
fawalapaaat  ralatlag  ta  dM  flalf  part  sea— os  of  tractor  aaf  lapis— ar 
c— hloatla— .  A  malnsMt  far  this  ays to*  has  ha—  dM  aaa*  af 
traasfar  of  tha  o— lpsaat  fraa  aaa  aachlaa  ta  aaathar.  A  syota*  baftlt 
lata  a  cractar  to  prosifs  cha  frisar  with  aara  lafaraaciaa  aa 
porfocaaoea  pars— tat*  v— It  ha  part  of  cha  latagral  t— Ig*  af  cha 
tractor  aaf  aaaaelacaf  lapis— ate.  Traaafaaarc  ««U  ha  Colic  lac*  dM 
bofy  of  cha  tractor  aaf  waalt  probably  ha  laaa  caaplas  dM*  thoaa  aaaf 
la  tha  Vya  t  aaf  B  perhaps. 


The  aala  prahlaas  af  laacalllag  aaeh  a  ayscaa  aa  a  cractar  aca 
aalatalalag  aaaagh  flaclhillcy  aaf  afaptahlllty  ta  cacar  far  all  Cha 
flffataac  types  af  spared—  ta  ditch  cractar*  at*  taaalaaf  aaf 
scaafarftataf  cha  istarfaea  hataaaa  craaaf ocars  aa  laplaaaaca.  aaehlaary 
aaf  tha  tractor  ayscaa. 

Tha  alcraeaapacar  praalfaa  ch*  aaaaaaaty  flacthtltty  by  psrafttctag 


aatta  of 
earrftaf  < 


praalfaa  cha  aaaaaaaty  flaathfltcy  by  perafttttag 
for  flffataac  types  af  oparactaa.  It  aachlaa  a 
ta  ha  available  c*  fit  dM  reaps  if  spa  rat  Isas  ta  ha 
ir  prsfrsaasi  on  ha  atfbl  aa  sfasacaa  ta  Co  Cheat  say 


a  cacar,  rafactaf  Ch*  llhallhaaf  af  shsalacssass. 


A  ayscaa  aaalf  aaaf  ta  cap*  with  flffataac  cypos.  aachars  aaf  paatclaaa 
af  craaafaasra.  la  arfar  ta  factllcac*  laearchaagasbUlty  aaf  atalag  af 
•catpaaat  fra*  flffataac  ssarssa,  aaaa  ataafarflaatlaa  aaalf  ha 
aacasaary.  This  aaalf  part  leslarly  apply  C*  dM  llaf  hataaaa  Cha 
tractor  aaf  laplaaaats  la  ralaciaa  to  Cha  poser  aspply  c*  Cha 
craaafacsra  aaf  ebo  aaCsr*  af  cha  aacpal  alp— la  fraa  chaa. 

leather  vary  lapartaat  ata*  will  ha  cha  fasilip— sc  af  flsplay 
cashaalsfy  c*  prsnac  Cha  UfaraaClaa  la  aa  offaettas  asp  preferably 


to  laf Inara 


pr— 1*1—  of 


TaTaf  *— a 


flxwcc 


f«r  MM*  cm  af 
ijMM  l«  litoly  ca  to  tall  nUtla  ta  t 
tai  latoar.  A  oyotaa  atoaM  up  ti 
rataa  o<  Mrk,  caaliCy  af 


aaat  ai  cto  tractor, 
111  catdtly  throach 


Thta  mar  toa  Aiaaaaaai  cto  yrarlalac  af  jafawaciaa  ca  cto  ayaracar  of 
a  craacav.  laawr,  cto  rtimatow  to  ala*  aayaMa  af  carry  lag  aac 
c octroi  faaeciaao  aaafe  aa  Cto  aaacral  af  tarwtf  ayaaA,  tyro  praaiarao , 
r.  cto  ftftototol  lack  ail  Cto  to*  aaacral  af 
la  feat  aay  aaaytoa  aparaciaa  ahito  to  Atffiaalc  to 

atch  ay 
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win— w  or  soil  raornmcs  in  unhand  and  vetiand  conditions 
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Ita  effect  of  deforaetioa  rat*  on  coo*  iadox  nlM,  plat*  sinkage 
par— tan,  ooNaaioa  atd  iafeamal  friction  angle  was  aaaaurad  lit  a  dry, 
sandy  Loan  soil  and  la  a  saturated,  poddlad  clay  soil.  Da  affact  of 
notnal  peon—  on  ealcolatod  vnlaaa  of  oohaalon  and  latarnal  friction 
angle  la  the  sandy  loan  soil  waa  alao  lima tl gated.  Da fo nation  rate 
did  not  greatly  affect  any  of  the  eoil  propertlea  la  the  aaady  loan  soil 
but  significantly  affected  alnoet  all  of  than  la  the  puddled  clay  eoil. 
in  the  aandy  loan  eoil  it  la  shown  that  nornel  preaaure  la  the  ring 
shear  teat  mat  be  close  to  that  a  ear  ted  by  the  vehicle  on  the  soil 
otherwise  large  errors  can  occur  la  calculating  oobeeien  and  latarnal 
friction  angle. ^ 


1.  IN1NOOUCTIOW 


Hie  aain  soil  properties  need  in  tarr sue chan ics  theorise  are 
cohesion,  internal  friction  angle,  cona  index  value  and  plate  sinkage 
parses  tars.  The  way  in  which  cohesion,  internal  friction  angle  and  plate 
sinkage  parses ters  are  neasured  is  neant  to  a leal ate  the  passage  of 
vehicles  through  the  ground.  Cane  index  is  slxply  aona thing  which  ia 
easy  to  nagnura  and  has  bean  forod  to  eonelate  reasonably  well  with 
tractive  perfomanoe.  even  tbough  the  rotted  of  roaauraront  is  neant  to 
siunlate  the  paeaaga  of  vehicles  it  is  unlikely  ia  fact  that  it  does 
with  the  iaetruronta  now  in  use.  Nang1  states  that  shear  rates  of  2-25 
cat's  are  —on  in  off-road  vehicles.  There  are  very  few  shear  waters 
in  existence  which  can  be  worked  at  25  cm/m.  It  is  likely  that  nany 
devices  now  in  uae,  particularly  the  hand-held  devices,  work  et  one- 
fifth  of  this  rate  or  loss.  In  addition  the  rate  of  shear  is  vary 
rarely  even  roeaured.  fiailerly  this  rats  of  25  o^s  is  roughly  the 
rate  at  which  a  1.4  ■  die.  wheel  travelling  at  1.4  m/%  and  asking  a  4  ca 
deep  ret  is  noapantlng  the  roil,  There  are  very  few  plats  sinkage 
asters  which  can  he  need  at  this  rata.  The  A.f.A.k.  standard  penetration 
rata  for  com  pens  trees  tars  ia  3  cat's  which  is  only  one-eighth  of  this 
rate.  Siadlarly  the  pressure  uhich  off-toed  vehicles  can  exert  on  the 
soil  can  fregeanUy  be  150  kPa  or  hitter.  There  are  few  shear  waters 
which  aw  provide  pressures  as  hl0i  as  this  while  maintaining  adequate 
contact  area. 

This  study  wro  undertaken  to  find  out  the  likely  errors  in  roaaur- 
lng  eoil  propertlea  tee  to  failing  to  a  insists  the  conditions  oaeaad  by 
the  paeaaga  of  vehicles,  it  waa  ocnducted  ia  a  dry,  aandy  low  soil 
and  a  saturated,  puddled  cloy  eoil. 


$ 
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2 .  PREVIOUS  WORK 


Freitag1,  in  sxperlMSnts  in  clay  soil,  waasured  by  how  wuch  tha  cona 
in  da  x  value  increased  or  dacraasad  whan  penetration  apaad  was  chan gad 
frow  tha  "standard*  3  cm/a  valua.  Ha  found  that  balow  this  spaad  tha 
cona  index  valua  dacraasad  rapidly,  but  that  abova  3  ca/s  tha  oona  indax 
valua  tandad  to  laval  off  and  that  at  a  spaad  13  tlaaa  tha  standard  valua 
tha  cona  indax  valua  had  incraasad  by  approxiaataly  30%.  In  aiailar 
tasts  in  sand  ha  raportad  that  no  spaad  affacts  wars  apparent  other  than 
those  which  could  be  explained  by  inertia  affacts. 

■Mori  and  Schuring’  stated  that  tha  force  required  to  push  a  plate 
into  tha  soil  should  be  able  to  be  nods  Had  using  tha  following  aquations 


r  -  f^x)  ♦  f2(s,  k)  ♦  f3(s,  x) 


where  P 
s 
i 

m 

ft 


force  acting  on  tha  plate 
panatration  depth 
plate  velocity 
plate  acceleration 


(1) 


They  did  not  however  produce  any  axpariasntal  evidence  to  support 
tha  nodal. 

Kl-Ooadaty  and  Chancellor*  Measured  tha  influence  of  strain-rate  an 
soil  cohesion  and  iatamal  friction  angle  of  a  saturated  clay  soil  using 
a  triaxial  tasting  needs  ine.  they  found  for  both  over  consolidated  and 
"ornelly  consolidated  apaclwsns  that  oobesion  was  strongly  dependant  on 
strain-rats  but  that  internal  friction  angle  was  independent  of  strain- 
rate. 


Plannikan  at.  el.*  used  an  apparatus  in  which  a  guided  weight  was 
dropped  onto  an  unoonfined  soil  saapla.  strain  rata  was  varied  by 
varying  the  hel^it  from  which  tha  weight  was  dropped,  they  reported  that 
dynanic  peak  stresses  in  the  soil  ware  froa  100  to  500  percent  greater 
than  tha  Marinas  stresses  obtained  in  quasi-static  tests. 

Stafford  and  fanner*  used  a  shear  annulus  to  Measure  tha  effect  of 
rate  of  detonation  on  soil  shear  strength  la  a  sandy  clay  loan  and  a 
clay  soil  at  different  aalstere  contents,  they  reported  a  logarithmic 
relationship  be  tween  cohesion  and  detonation  rata  with  only  aaall 
increases  in  cohesion  above  a  rate  of  l  m/m.  Large  increases  In  oobesion 
with  increasing  detonation  rate  were  eeeewred  in  the  range  0-1  m/m 
hewever.  there  wee  no  clear  relationship  be  ewe  an  detonation  rate  and 
internal  friction  angle  la  these  ngerlnMti. 

bong1  states  that  asaeursnwt  of  soil  properties  for  tarrssnnhulca 
analysis  should  be  ends  using,  for  easapla,  loading  pressures  and  defor¬ 
mation  rates  similar  to  those  smarted  on  the  soil  by  tha  passage  of 
"■hides.  *•  does  mot  quantify  tbs  errors  ehioh  can  be  oaueed  if  these 
oonditiens  are  not  a  insisted  adequately.  In  foot  with  many  devices  for 
naesering  soil  properties  in  oonnae  see  today,  particularly  tha  hand-hald 
devices,  it  is  slant  l^nnslble  an  s insists  these  oonditiens.  The 
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fol loving  exper  leant*  Mr*  th*r*for*  carried  out  with  thraa  davicaa  now 
in  i:n— nn  uaa ,  naaaly  a  eon*  p*n*tro«Mt*r ,  plat*  sink*?*  aetar  and  ahaar 
annulua  to  aiuun  th*  *ff*ct  on  soil  prop*rtl*a  of  da  formation  rat*. 

In  addition  th*  *ff*ct  of  normal  pr***ur*  on  cohesion  and  friction  angle 
■assured  using  th*  ahaar  annulua  was  also  investigated. 

3.  WHUMM  U8KD 

A  Sevan*  tar  was  dasipted  to  b*  noun  tad  on  th*  A.I.T.  soil  bin 
carriage  ( Fig .  1) .  flu  carriage  is  basically  a  react*  controlled  tractor 
with  forward  speed,  lift  an  position  and  power* take-off  speed  abl*  to  b* 
varied  continuously  during  a  run.  A  50  kU  diesel  engine  drives  two 
hydraulic  pusp*,  on*  of  which  powers  tits  drive  wheels  (priaary  circuit) 
and  the  other  the  p. t.o.  and  lift  ana  (secondary  circuit) .  When  using 
th*  Sevan* tar  the  flow  free  the  secondary  circuit  peg  was  diverted 
through  the  Sevan* tar  hydraulic  system.  This  consisted  of  a  hydraulic 
ran,  the  fluid  flow  to  which  was  controlled  by  a  annual  control  value 
which  was  pressure  and  tesperature  compensated,  flu  system  was  designed 
*o  that  ran  speed  oould  be  pre-set  anywhere  between  1-25  cm/a  and  would 
stay  constant  whether  th*  ran  was  loaded  or  unloaded,  the  Sevens ter  is 
shown  In  Pig.  2  and  a  schematic  of  th*  systau  showing  also  th*  instruann- 
tation  used  is  shown  in  Pig.  3. 

The  con*  penatroaater  had  a  standard  sired  con*  of  3.2  sq.cm  baa* 
ar«a.  1h*  plate  sinkag*  tests  were  carried  out  using  a  6  x  12  cm  plate, 
th*  shear  annulua  had  an  outsida  diameter  of  30  cm  and  inside  disaster 
of  20  cm. 

two  soils  war*  used,  a  sandy  loan  soil  with  molstur*  content  3« 
(d.b.)  and  a  saturated,  puddled,  clay  soil,  the  clay  soil  was  prepared 
so  that  it  simulated  a  rice  field  ready  for  seedling  transplanting,  th* 
sandy  loam  soil  was  in  a  similar  condition  to  a  dryland  seedbed. 

4.  RR80LT8 


4 . 1  Cone  Index 


Results  from  th*  oon*  pane  twee  ter  asperiawnta  are  shown  in  Pig.  4. 
th*  saturated  clay  soil  was  seen  to  have  a  distinctive  layered  pattern 
with  th*  eon*  0-15  cm  being  nueti  different  than  toe  eons  15-30  cm. 
Consequently  th*  con*  index  value  we*  calculated  separately  for  each 
son*,  th*  oon*  index  value  for  the  sandy  loan  was  toe  average  can* 
penetrometer  resistance  in  the  eons  0-30  on. 

Cone  index  In  toe  sandy  loan  soil  wee  independent  of  ret*  of 
penetration  in  these  egirtnsti  but  cone  index  in  both  layers  of  th* 
clay  soil  wee  strongly  dependant  on  penetration  rate,  the  best  fitting 
straight  lines  to  to*  date  fur  tbs  clay  soil  worst 


c 

and  C 


10  ♦  si  v  (upper  layer) 
to  ♦  101  v  (lower  layer) 


where  C 


(Me) 


v  •  oenetration  rate  (m/a) 


(2) 


t 


*-—•  PUOOLEO  CUff  LOWER  LATER 
•- — •  PUOOLEO  CUff  UPPER  UffER 
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Cbaputed  value  of  k(kM/a2+n) 

Cooputed  value  of  a 

9011 

5  cVa 

25  cm/* 

5  ca/a 

25  cm/* 

Dry  aandy  lou 

510 

430 

0.3 

0.22 

Puddled  clay 
(upper  layer) 

16 

20 

0.46 

0.38 

Puddled  clay 
(lower  layer) 

206 

290 

0,71 

0.71 

Tibi*  1  Ooaputed  nlwi  of  alnkega  aodulua  and  exponent  of  ilnkat*  at 
different  penetration  rataa 


lha  fivdcal  slgalflcanoo  of  the  data  in  Tabla  1  la  not  lsnaiUatsly 
obvious  alnoa  it  la  tha  pressure  under  a  wheal  or  track  which  wa  wish  to 
predict  and  thia  involves  uaing  both  k  and  a.  fige  7  and  I,  using 
tha  data  from  Table  1,  show  the  predicted  plate  proaauro-alnhogo 
curves  for  the  sandy  loan  and  clay  aoila  at  5  and  25  cm/*  penetration 
rata,  it  oan  be  aaan  that  there  is  no  easy  atsong  offset  af  rate  of 
penetration  on  plate  pressure  la  the  aandy  loan  soil.  Predicted  pressure 
at  30  cat  sinkage  at  25  cm/*  penetration  rata  is  only  9%  less  than  tha 
value  at  the  aaan  sinkage  at  5  cm/*. 

There  is  a  eery  strong  effect  in  tbs  clay  soil  however.  Predicted 
pressure  at  30  cau  alnkega  at  >5  m/m  penetration  rata  is  44%  greater 
than  tha  value  at  5  cm/*. 

4.3  Shear  Strength  Parnaatsra 

lha  ring  shear  tests  ware  carried  out  at  datamation  rates  of  free 
6.9  to  34.5  cay's,  calculated  free  the  naan  radian  of  tbs  unulus.  These 
corresponded  to  5  to  25  oa^s  ran  velocity,  no  real  pressure  in  tbs  sandy 
loan  soil  we  varied  ap  to  a  aaaiuan  ef  121  h»e,  however  this  was  towed 
to  bo  quits  impossible  in  the  clay  soil  due  to  saasssivu  sink  age  of  tbs 
annulus.  To  avoid  this  eaoaaelvo  alnkega  eocual  pressure  In  tha  tests 
In  tbs  clay  soil  bad  to  bo  United  to  e  ana  lawn  of  15  kPa.  At  each 
detonation  rate  and  nornal  pressure,  each  test  wee  reputed  5  tines, 
values  of  tbs  east  ana  shear  torque  fren  each  of  thou  testa  was  used  to 
calculate  aaxlnwn  sheer  stress  at  eaoh  nornal  peeeouse  and  tha  an  of 
all  such  date  at  ell  tha  nornal  pressures  used  to  oaloulete  cohesion  and 
angle  of  Internal  friction  at  each  deformation  rata,  lha  curve  of  shear 
torque  against  angle  ef  rotation  showed  a  elear-swt  anxlnan  value  in 
tbs  seedy  loan  aoll,  falling  off  to  a  eons tent  residual  level.  No  such 
clear-out  nriaa  existed  in  tha  teats  la  the  clay  soil.  In  these 
teats  tha  ula  of  shear  torque  at  30  dag.  eagle  ef  rotation  was  taboo 
u  indicative  ef  aaxinan  shear  stress. 

the  offset  ef  dadosnttles  sees  an  otosaiaa  and  internal  frietiaa 
eagle  ia  tha  two  aoila  ia  shown  la  Pigs.  9  and  10.  hare  use  no 
significant  offset  of  dafornatloa  rata  m  aahaaian  ia  the  aandy  loon 
anil  bat  the  angle  af  internal  frietiaa  dears  as  ad  vary  alitfttly  am 


PLATE  PRESSURE  -  SMKAQE  CURVES 


0  06  ♦  0  00<l  <7 
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dtfonition  rat*  increased.  Th*  relationship  wan 


4  -  22.3  -  9.2  Vj  .  (7) 

whan  4  ■  angle  of  intamal  friction  (4*9) 

v  -  deformation  rata  ealcu la tad  at  aaan  radius  of 
annulus  (x/s) 

Using  aquation  (7)  the  predicted  angle  of  internal  friction  is 
20.2  dag.  at  25  ca/s  deformation  rate  as  against  21.9  dag.  at  S  cm's, 

a  decrease  of  •%. 

Hie  angle  of  internal  friction  was  independent  of  deformation  rate 
in  the  clay  soil  bat  oohoalon  was  strongly  dependant,  the  relationship 


c  -  1.17  ♦  3.5  Vj  .  (8) 

where  c  -  cohesion  (kPa) 

Predicted  cohesion,  nelag  title  equation  is  52%  greater  at  25  ea/» 
deformation  rat*  than  at  5  cm/*. 

tits  shear  torque  against  normal  pressure  curwas  showed  a  distinct 
non-linear  tendency  in  the  sandy  loam  soil.  Pig.  11  shows  typical  data 
along  with  the  best  fitting  straight  line  and  exponential  curve . *  The 
exponential  curve  gave  a  much  hatter  fit  to  the  data  than  did  the 
straight  line  although  the  straight  line  fit  was  statistically  signifi¬ 
cant.  Pig.  11  indicates  that,  as  long  as  the  normal  pressure  used  in 
the  ring  shear  test  is  close  to  that  smarted  by  the  vehicle  on  the  soil, 
a  linear  relationship  between  shear  torque  and  normal  pressure  la 
adequate  for  calculating  c  and  4*  However,  if  much  lower  pressures  are 
used,  and  the  resulting  calculated  c  and  4  used  to  estimate  maximum 
shear  stress  at  much  higher  normal  pressures  than  those  used  in  the 
test,  then  large  errors  can  be  ejected. 

5.  ccmnmxom 

la  the  dry  sandy  loan  soil  ace*  of  the  soil  properties  measured  was 
strongly  dependent  on  penetration  or  deformation  rats  in  tils  range  used 
in  these  experiments,  however  the  plot  of  timer  torque  against  normal 
presses*  in  th*  ring  sheer  test*  indicated  that  eornel  pretests*  used 
in  these  tests  most  he  a*  high  as  those  started  by  the  vehicle  on  the 
ground  otherwise  large  errors  in  predicted  easlmmi  shear  a  trass  oan  be 
expected  in  each  soils. 

In  the  saturated, puddled  clay  soil  all  th*  soil  properties,  with 
the  e soap t ten  of  internal  friction  angle,  ware  strongly  dependant  on 
deformation  rata,  tn  such  soils  It  is  essential  that  th*  deformation 
rats  seed  in  maeeering  soil  properties  is  close  fee  that  lejased  by  the 
vehicle  cm  the  soil.  In  th*  gpr  layer  of  this  soil  it  woe  impossible 
co  apply  the  required  aaouat  of  aseaal  pseeouc*  ia  the  ring  shear  feasts 

of  the  lower  layer  of  eeeh  soils  the  re  fee*  become*  iagertaat.  times 


t)M  upper  and  lower  layers  of  such  soils  are  so  different  it  sees*  likely 
that  soil  properties  of  each  layer  will  have  to  be  measured  separately. 
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Ai 


INTROOOCTION 

The  free  water  content  of  snow  has  boon  used  In  ovar-snow  vehic¬ 
le  Mobility  studios  only  In  a  documentary  wanner.  -4s  described  by 
the  International  Classification  for  Snow  (NRC,  1954H<  the  free  water 
content  of  snow  is  Indicated  by  the  terms  dry.  moist,  ml,  very  wet, 
or  slush.  i  The  definitions  of  these  categories  are  shown  In  table  1. 


►Throughout  the  range  of  conditions.  Hated  In  Tebls-%  the  vari¬ 
ation  of  free  water  obviously  has  a  significant  effect  on  the  snow 
strength  parameters  used  In  vehicle  performance  evaluation.  During  a 
testing  program  this  past  winter  (1963-1964)  at  the  Keweenaw  Research 
Center,  which  Involved  vehicles  attempting  to  negotiate  snow  obstacles, 
free  water  content  was  measured  and  Included  as  snow  characterization 
data  along  with  density,  grain  size,  and  snow  temperature.  Of  partic¬ 
ular  interest  to  this  paper  was  the  difference  In  test  results  of  two 
snow  obstacles  having  the  same  classification  under  the  International 
system,  l.e.  "wet".  The  free  water  content  of  the  two  types  of  snow 
used  to  form  the  obstacles  was  measured,  by  calorimetry,  to  be  16 
percent  and  26  percent# 


Without  Availing  on  a  particular  test  series  as  mentioned  above. 
It  would  be  a  significant  Improvement  In  the  characterization  of  snow 
If  free  water  content  were  stated  as  a  quantitative  value.  This 
MNild  allow,  for  example,  establishing  the  relationship  between  the 
amount  of  free  water  and  the  snow  strength.  Including  the  effect  of 
free  water  content  on  the  snow  compaction  process,  which  has  an 
Important  role  In  vehicle  performance. 


FIELD  MEASUREMENT  Of  FREE  HATER  CONTENT 

In  field  measurements,  simplicity  and  economy  are  Important  con¬ 
siderations,  because  they  often  determine  the  ultimate  accuracy  of  a 
method.  Some  methods  which  are  suitable  In  the  laboratory  are  not 
suitable  for  field  use.  In  the  discussions  which  follow.  It  Is 
assmaed  that  basic  measurements  of  mass  and  temperature  are  performed 
in  the  field,  with  errors  typically  of  *0.1  gram  and  *0.1  Celsius 
degree. 


A  discussion  of  four  calorimetric  methods  fellows,  with  an 
appraisal  of  their  usefulness  for  field  measurements.  In  this  dis¬ 
cussion,  the  equations  for  calculating  the  free  water  content  are 
presented  without  calorimeter  correction  terms.  In  the  Interest  of 
clarity.  For  each  method,  at  least  one  reference  Is  given,  and  the 
sample  calculations  are  performed  using  typical  values  from  these 
references. 
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1.  Welting  Calorimetry  (Yoslda,  1960;  Akltaya.  1978) 
The  equation  for  melting  calorimetry  Is  as  follows: 


where 

f  •  percentage  (by  weight)  liquid  water 
T.  -  Initial  temperature  of  hot  water  (°C) 

Tl  ■  final  temperature  of  hot  water  (°C) 

Nr  -  mass  of  hot  water  (grams) 

Mj  -  mass  of  snow  sample  (grams) 

A  typical  numerical  example  (Akltaya,  1978)  Is  shown  as  follows: 


13X 


f,  — l_  r, 

l  (79.4)  (25)  L 


(45  •  26)  125  ■  (26)  25  i  x  100 


■]  ' 

i  ■ : 

. 


The  sensitivity  to  errors  Is  as  follows: 


Parameter 


Sensitivity 

-6.3X/°C 
♦7.6X/“C 
-1. OX/gram 
+4.8X/gram 


The  sensitivities  to  error  were  found  numerically,  by  varying  one 
parameter  at  a  time  while  holding  the  other  parameters  constant.  The 
melting  calorimetry  method  Is  rather  simple.  It  requires  transport¬ 
ing  hot  water  to  the  field  site,  but  this  1$  easily  done  with  a  thermos 
type  container.  Akltaya  suggests  the  additional  expediency  of  trans¬ 
porting  prepared  (and  weighed)  bottles  of  hot  water  to  the  test  site 
and  returning  the  amlted  snow  and  the  water  mixture  to  the  laboratory 
for  weighing,  so  that  no  weighing  Is  necessary  In  the  field  (private 
communication,  1983). 

Both  Yoslda  and  Akltaya  state  an  experimentally  determined  uncer¬ 
tainty  In  F  of  approximately  ilX. 


II.  Freezing  Calorimetry  (Jones.  1983) 

The  equation  for  freezing  calorimetry  Is  as  follows: 


F 


"l  (T,  -  T,)Cf 

79.4  M2 


T2  C1 


79.4 


x  100 


where 


T  ■  Initial  temperature  of  freezing  medium  (°C) 
T:  «  final  temperature  of  mixture  (°C) 

Mr  -  mass  of  freezing  medium  (grams) 

M*  -  mass  of  snow  sample  (grams) 

Cl  *  specific  heat  of  freezing  medium  (ca1/g°C) 

«  specific  heat  of  ice  (ca1/g°C) 


A  typical  numerical  example  is  shown  as  follows: 


7.7* 


(400)(-17-(38))  (0.44)  +  1-1,7)  (1)1  x  1QQ 
(79.4)  (160)  79.4 


The  sensitivity  to  errors,  calculated  as  for  the  previous  example.  Is 
as  follows: 

Parameter  Sensitivity 

T,  -1.4X/°C 

T,  ♦2.7*/°C 

Mr  +0.07X/gram 

-0.18X/gran 


It  should  be  noted  that  sensitivity  to  errors  In  the  temperature 
measurements  Is,  In  fact,  less  than  that  for  melting  calorimetry.  For 
the  Interested  reader,  the  reasons  for  this  are  discussed  by  Colbeck 
(1978).  However,  In  comparison  to  melting  calorimetry,  freezing  cal¬ 
orimetry  Is  expensive  (requiring  cold  silicone  oil),  time  consuming 
(requiring  a  minimum  of  20  minutes  per  test),  quite  sensitive  to 
operator  technique,  and  It  requires  considerable  data  analysis. 

The  experience  of  the  authors  during  an  extensive  series  of 
field  measurements  was  that  ±3X  Is  a  conservative  estimate  of  exper¬ 
imental  uncertainty  In  fret  water  content  measured  by  this  method. 

III.  Freezing  Point  Depression  (Bader,  1950) 

The  equation  for  freezing  point  depression  calorimetry  Is  as  follows: 


T(N  ♦  CQ) 

79.4 


x  100 


T  ■  freezing  point  depression  (°C) 

N  -  mass  of  snow  sample  (grams) 

C  ■  mass  of  liquid  water  In  nltlal  solution  (grams) 
■  mass  of  liquid  water  In  final  solution  (grams) 


I 


1 152 


A  typical  numerical 


example  is  as  follows: 


17.4% 


1  U9  ,  ,(M3),tlOO  4  98) 
100  79.4 


x  100 


The  sensitivity  to  error  is  given  as  follows: 

Parameter  Sensitivity 

M  +0. 2%/gram 

T  ♦86%/°  C 

While  this  method  is  the  simplest,  requiring  only  the  addition 
of  a  dilute  solution  of  sodium  hydroxide  to  a  known  quantity  of  wet 
snow  and  a  measurement  of  the  temperature  depression,  it  Is  not  con¬ 
sidered  suitable  for  field  use.  In  order  to  obtain  an  uncertainty  of 
♦1%  in  F,  T  must  be  measured  with  an  accuracy  of  ±0.01  °C.  This  is 
not  realistic  for  field  work.  Colbecfc  (1978)  states  that  the  greatest 
error  would  probably  be  Introduced  by  inaccurate  measurement  of  the 
molal  concentration  of  the  sodium  hydroxide  solution. 


IV.  Alcohol  Mixing  Calorimetry  (Fisk,  1983) 

The  equation  for  alcohol  mixing  calorimetry  Is  as  follows: 


F 


where 


1  ‘  h  ' l"'  *  W» '  ">c* T']  ] "  “° 

T  «  Initial  temperature  of  alcohol  (°C) 

Ti  ■  final  temperature  of  solution  (°C) 

IT  •  mass  of  alcohol  (arams) 

H,  -  mass  of  snow  sample  (grams) 

0,  ■  heat  of  dilution  (calories) 

C,  •  specific  heat  of  alcohol  (cal/g  °C) 
c“  -  specific  heat  of  solution  (cal/g  °C) 


A  typical  numerical  example  Is  as  follows: 


11%  •  <  i  - 


(79.4)  (25) 


* 


625  -  (80  ♦  25)(0.68)(-16)  Jx  100 


]] 


The  sensitivity  to  errors  Is  as  follows: 

Parameter  Sensitivity 

n. 


n’ 


♦0.2%/gram 


♦2.5%/gn 

♦3.6%/®C 


iram 
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The  alcohol  nixing  method  Is  both  slMple  and  cconoMlcal.  It 
requires  transporting  very  Httla  to  tha  field  site.  The  sensitivity 
to  temperature  errors  Is  More  In  line  with  those  of  freezing  calor- 
iMttry  than  with  welting.  However,  there  are  somc  weaknesses  In  this 
Method,  as  It  has  been  described  In  the  literature.  At  the  present 
tlMe,  It  Is  not  possible  to  calculate  the  heat  of  dilution  Q.  frow 
basic  thenaochewlcal  data,  so  the  procedure  Is  to  fix  three  parameters 
(the  moss  of  the  snow  sample,  the  aass  of  alcohol,  and  the  alcohol 
temperature)  and  calibrate  the  method,  by  using  It  on  prepared  snow 
samples  of  0  and  1001  free  water  content.  A  linear  Interpolation  Is 
then  used  for  data  between  these  two  extremes.  The  systematic  error 
caused  by  this  linear  approximation  Is  not  known,  and  the  fact  that 
precisely  weighed  samples  of  snow  and  alcohol  must  be  prepared  In  the 
field  Is  a  disadvantage.  The  method  does,  however,  appear  to  hold 
great  promise. 


SUMMARY 

There  are  several  suitable  methods  available  for  measuring  free 
water  content  under  field  conditions,  for  snow-mobility  purposes. 
Although  some  methods  are  apparently  more  accurate  than  others,  a  SI 
error  Is  probably  acceptable.  One  must  be  aware  that  In  all  cases  dis¬ 
cussed  so  far,  only  wet  snow  (0*0  Is  considered.  Quantitative  values 
of  free  water  content  are  a  necessity  for  more  detailed  analyses  such 
as  Its  effect  on  strength  parameters  and  critical  density  (wilch  re¬ 
lates  to  the  compaction  process)  of  dry  snow  (Harrison,  1961).  These 
analyses  will  be  restricted  to  laboratory  tests,  since  field  calor¬ 
imetric  accuracy  Is  on  the  order  of  a  few  percent. 

The  other  reason  that  an  uncertainty  of  *51  Is  acceptable  lies  In 
the  Inherent  variability  of  snow  on  the  ground.  Variations  In  surface 
crystals  and  the  surface  profile  In  a  rather  small  area  can  produce  a 
natural  variation  In  free  water  content  approaching,  and  In  some  cases 
greater  than,  51. 

In  conclusion,  wa  feel  that  the  quantitative  value  of  the  free 
water  content  of  snow  Is  an  laqwrtant  parameter  In  vehicle  perform¬ 
ance  evaluations,  and  that  there  are  adequate  means  available  for 
field  measurements. 


FREE  MATER  CONTENT 


Term 

Remarks 

Dry 

Usually  T  Is  below  0°C,  but  dry  snow  can  occur  at  any 
temperature  up  to  and  Including  0°C.  Mhen  Its  struc¬ 
ture  Is  broken  down  by  crushing  and  the  loose  grains 
are  lightly  pressed  together  as  In  making  a  snow  ball, 
the  grains  have  little  tendency  to  cling  to  each  other. 

Holst 

T  -  0°C.  The  water  Is  not  visible  even  with  the  aid  of 
a  magnifying  glass.  Mhen  lightly  crushed,  the  snow 
has  a  distinct  tendency  to  stick  together. 

Met 

T  •  0*C.  The  water  can  be  recognized  by  Its  meniscus 
between  adjacent  snow  grains,  but  water  cannot  be 
pressed  out  by  moderately  squeezing  the  snow  In  the 
hands. 

Very 

Met 

T  »  0°C.  The  water  can  be  pressed  out  by  moderately 
squeezing  the  snow  In  the  hands  but  there  still  Is  an 
appreciable  amount  of  air  confined  within  the  snow 
structure. 

Slush 

T  *0°C.  Snow  flooded  with  meter  and  containing  a 
relatively  smell  amount  of  air. 
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m  MODIFICATION  OF  SOIL  9TVMCTH  CHABACTO ISTICS 
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DtTDOOUCTIOM 


Although  th«r«  has  been  considerable  effort  devoted  te  cha  itedy  of  aoil- 
vehicla  interact ion  and  toil  working  processes,  vary  little  attention  hae 
haaa  paid  to  the  affect  of  vegotatiofl  on  thoaa  procaaaee.  Creator 
attention  ia  being  given  to  the  reinforcenant  of  aoila  using  geotextilss, 
and  the  use  of  polymer  baaed  structural  netting  to  provide  temporary  re- 
furbisknent  to  weakened  aoila  for  vehicle  passage  over  strategically 
inportant  areas.  It  is  now  pertinent  therefore  to  examine  the  con¬ 
tribution  node  by  fibrous  nsterial  to  soil  sersngth  and  the  possibility 
of  enhancing  the  stretch  of  soils  by  the  addition  of  artificial  fibres. 
Clearly  the  traction  that  a  vehicle  is  able  to  nabilise  from  a  soil  is 
determined  by  certain  vehicle  parsMtere  (a.g.  weight,  contact  area, 
tyre  tread  or  track  configuration)  and  certain  soil  properties. 

Squally  the  sinkage  and  rolling  resistance  of  a  vehicle  is  governed  by 
vehicle  characteristics  (e.g.  wheel  sise,  track  sise  and  weight)  and 
certain  soil  properties.  In  each  case  the  destfnaat  soil 

characteristic  which  affects  traction,  sinkage  and  rolling  resistance  is 
shear  strength.  A  high  shear  strength  will  enhance  traction  and  reduce 
resistance  giving  rise  to  a  higher  draw-bar  pull  and  generally  better 
cross  country  nobility.  Similarly,  the  greater  tike  shear  strength  of 
soil,  the  greater  will  be  the  forces  acting  on  earth  working  lap Insane* 
sod  the  energy  dissipated  during  working.  ^ 

The  Fourth  Ceotechaiqua  Symposium  in  Print  (I)  prssented  several  papers  on 
soils  containing  vegetation  but  there  was  no  contribution  here  on  the 
offset  of  vegetation  on  shear  strength.  Beaton  (2),  working  at  KS, 
found  that  experiments  performed  on  naturelly  occurring  soils  containing 
vegetation  failed  to  isolate  the  contribution  of  vegetation  from  the  many 
other  variables  influencing  soil  shear  strength. 

This  paper  describes  s  programme  of  work  to  investigate  the  effect  on 
shear  strength  of  the  presence  of  fibrous  nsterial.  A  programme  of 
experimental  work  examined  the  effect  of  adding  artificial  fibres  to 
clays  and  a  theoretical  model  of  fibre  reinforcement  was  developed  to 
account  for  the  principal  findings.  Tbs  shear  box  was  used  throughout, 
since  it  most  nearly  nsdels  the  enforced  failure  along  a  prescribed 
failure  plane,  characteristic  of  soil*^ehiele  interaction.  The 
theoretical  model,  whilst  derived  by  specific  reference  to  the  shear  box, 
yields  a  description  of  ehsar  strength  characteristics  with  wider 
potential  applications. 


Ths  simple  medal  considers  a  random  distribution  of  strong,  straight 
fibres  of  length  I  and  disaster  d  with  a  soil  of  unreiaf oread  quick 
uadrainod,  shear  strength,  c,  contained  ia  a  shear  boa  of  height,  b,  and 
aids  length,  a.  Ths  orientation  of  a  fibre  is  specified  in  the  vertical 
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plan*  by  its  inclination  of  8  to  tha  horisontal  and  with  tha  horisontal 
plana  by  its  inclination,  p,  to  tha  direction  of  shoer  (Fig.  I).  If  tha 

fibras  ara  strong  in 
comparison  with  tha  soil,  dis- 
placaawnt  of  tha  shsar  box  will 
ba  acconpaniad  by  a  combined 
process  of  fibre  extraction  and 
incision.  Tha  nodal  initially 
examines  a  straight  fibre  per¬ 
pendicular  to  and 
syoaetrically  placed  about  tha 
surface  of  intense  shear  and 
assumes  that  the  deformed 
shape  of  tha  fibre  consists  of 
circular  ares  and  straight 
lines.  Fig.  2  shows  tha  fibre 
after  a  relative  displacement, 
x,  of  one  half  of  the  shear  box 
over  the  other,  loth  the 
surface  of  intenee  shear  and 
the  original  sits  line  of  the 
fibre  are  tangential  to  the 
PlgUM  *  circular  arc,  Al.  During  an 

increment  of  shear  box  dis¬ 
placement  the  fibre  moves  to  a  new  configuration  shown  in  Fig.  I.  loth 


Figure  2 


Figure  3 


the  length  of  arc,  and  the  radius  of  curvature  meat  increase  to 

maintain  the  condition  that  hath  tha  surface  of  intense  shear  and  tha 
original  fibre  aite  Uma  are  tangential  to  the  arc  A' »'.  Fran  this 
eeouamd  mode  of  deformation,  tha  displacements  «X  and  <Y  of  a  point  on 
the  fibre  can  ba  determined  and  converted  into  components  in  and  it,  per¬ 
pendicular  and  tangential  to  the  fibre.  Clearly  then,  during  an  increment 
of  dieplacanent  the  fibre  both  slides  clang  its  capillary  and  cuts 
through  the  soil. 

The  reaiatanaa  to  sliding  is  given  by  the  product  of  tho  adhasiou  cud  the 
coot  act  surface  area  between  fibre  ad  its  capillary,  whilst  tha 
resistance  te  cutting  is  given  by  the  product  of  projected  sent  set  urea 


•ad  th«  bearing  capacity.  Haaca  tha  aaouat  of  work  dona  by  an  alaaant  of 
fibre  during  an  incremental  displacaaant  of  tha  ahaar  box  la  calculated, 
and  euamed  over  tha  circular  area  above  and  below  tha  aurface  of  in tana a 
•hoar.  To  thia  ia  added  aa  extra  tar*  to  account  for  tha  work  dona  in 
attracting  tha  fibre  fro*  tha  straight  portion  of  tha  capillary.  Thia 
giwna  tha  antra  ■Hunt  af  work  dona  during  an  incraaantal  advance  of  tha 
ahaar  hen  dua  to  tha  presence  of  a  tingle  fibre  nornal  to  and 
•J""**ricnlly  placed  about  tha  ahaar  aurfaca.  la  reality  all  fibraa  with 
a  particular  inclination  can  ha  aitad  with  thair  cantraa  at  any  diataaca 
hotwaan  aero  and  t/2  fra*  tha  ahaar  aurfaca.  Thoaa  nora  raaota  than  thia 
will  not  be  counted  aa  into  reacting  tha  ahaar  aurfaca  and  will  not  con** 
tribute  to  tha  ahaar  atrongth  of  tha  composite.  Tha  energy  of  daforaation 
aaaociated  with  a  fibre  will  vary  fra*  a  aaxi on*  when  it*  centre  lion  in 
tha  plana  of  iatanaa  ahaar  to  aero  whan  one  and  lien  in  that  aurfaca. 

Ac awing  a  linear  dacraaaa  in  aoargy  with  accent ricity,  it  can  ba  a boon 
that  tha  average  energy  of  detonation  ia  one  half  of  that  for  a 
•y**atrically  placed  fibre.  Tha  above  analyala  could  ba  extended  for  a 
fibre  at  any  inclination,  8,  or  orientation,  8.  however,  for  tha  purpoaea 
of  thia  atudy  aa  approxiaatioa  waa  aada  by  aeeunitg  that  tha  effective- 
naaa  of  a  fibre  in  providing  reinforcement  waa  a  — whan  it  waa  per¬ 
pendicular  to  tha  aurfaca  of  inteaae  ahaar  and  nil  whan  it  waa  parallel  to 
the  ahaar  aurfaca.  Moreover  it  waa  assumed  that  orientation  in  tha 
horiaontal  plana  waa  iunatarial. 

finally  it  ia  necaeaary  to  obtain  an  axpraaaian  for  the  total  nearer  of 
fihroo  intoraoctiag  tha  aurfaca  of  intone  a  ahaar.  By  canaidarl^  a  ahaar 
bon  of  aide  length  *a‘  containing  anil  with  a  vwlana  fraction  of  fibroa  ia 
f  ,  it  caa  ba  ahawn  that  tha  nuabar  of  fihroo  intoraoctiag  tha  ahaar 
aurfaca  ia 


d*  la  U/d 


tha  details  of  tha  entire  derivation  are  contained  in  rotor  anna  3,  but  for 
roaeeae  of  brevity  are  anittnd  hero.  Tha  final  aaptwaaioa  for  tha  antra 
ahaar  atrongth  don  to  the  prooonco  of  fibroa  abtaiaad  fro*  the  above 


nethod  la 

T  ~  inihm)  {&,  ♦<*-**  ♦*>  ;*}•  ♦  **<•  -  CD 

where  f  •  volume  fraction 
d  •  fibre  disaster 
I  -  length  of  fibre 

*e  -  Taraaghi'a  bearing  capacity  factor 
•  adhesion 

c  •  undraiaad  ahaar  etreagtk 
x  •  shear  box  displacement 

This  theory  predicts  that  the  extra  shear  stress  which  caa  bo  nobiliaod 
tram  a  ceil  doc  to  tha  presence  of  fibroa  ia  proportional  to 

(i)  the  vo 1  wee  fraction  at  included  fibres! 
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EXPERIMENTAL  WORK 


A  ■aria*  of  ahaar  box  tests 
vara  performed  on  carefully  pro-* 
parad  specimens  of  illita  clay 
containing  prascribad  fractions 
of  fibraa.  Molatura  contant  vaa 
accurataly  control lad  ainca  tha 
clay  coeq>oeite  waa  fonaad  by 
adding  fixad  amounts  of  watar  to 
a  mixture  of  dry  powder  and 
fibraa.  Tha  propartias  of  tha 
illita  clay  ara  praaantad  in 
rafaranca  A.  The  fibraa  vara 
fibril latad  polypropalana  string 
of  average  length  30.3  mm 
(Fig.  A).  It  can  be  seen  from 
Fig.  5  that  the  soil/fibre 
system  produced  in  this  way  Figure  A 

resembled  naturally  occurring 
aoil/root  systems. 


Natural  roots 


Figure  5 


AZ  artificial  fibres  in 
Illita  Clay 


Tha  principle  adopted  in  forming  a  range  of  fibre  reinforced  clay  samples 
was  that  tha  fibres  were  essentially  inert  components  in  tbe  aystea.  The 
ratio  by  weight  of  water  to  clay  powder  waa  Maintained  at  a  fixed  value, 
so  that  tha  Mechanical  properties  of  the  matrix  Material  were  constant 
throughout  the  aeries  of  experiments.  To  this  Matrix  waa  added  a  quantity 
of  fibres  to  provide  weight  fractions  of  I,  2,  3  and  4Z  fibres.  It  has 
been  observed  (S)  that  naturally  occurring  roots  seldom  occupy  more  chan 
5X,  by  voliaM,  of  the  surrounding  soil.  For  the  Materials  considered  here, 
a  AZ  weight  fraction  equates  to  I3X  volume  fraction,  so  the  range  of  this 
programme  covers  that  normally  found  in  nature.  Further  details  of  the 
experimental  technique  are  contained  in  reference  6.  A  typical  set  of 
shear  box  results  are  shown  in  Fig.  4. 


DlgCgSglOjl  OF  KI8ULT8 


fig.  d  ihon  chat,  u  predicted,  the  ioeloiioo  of  fibres  enhances  eho 
shear  strength  of  soil,  tinea  equation  |  predicted  the  extra  shear  stress 
which  is  nobilised  due  to  tha  presence  of  fibres  as  a  function  of  shaar 
box  displacement,  this  is  peasant ad  from  the  sane  data  in  Fit*  7.  These 
graphs  confine  tha  prediction  that  the  nobilised  shear  stress  increases 
with  shear  box  displacement.  Equation  (i)  further  predicts  that  the  shear 


stress  at  any  displacement  will  be  proportional  to  tha  woluaa  fraction  of 
fibrea  present.  The  experimental  results  generally  confine  this 
prediction.  Fig.  t,  far  example,  shows  the  extra  shear  strength 

nobilised  for  this  set  of  results 


at  a  shear  box  displacement  of 
4  hl  Bering  established  broad 
correlation  between  the  pre¬ 
dictions  of  agnation  (I)  and  the 
observed  results,  it  would  be  of 
interest  to  test  tha  ability  of 
equation  (I)  to  naka  quantitative 
predictions  of  shear  strength. 

The  difficulty  which  arises  here 
is  in  the, evaluation  of  the 

quantity  the  fibre/soil 

adhesion  factor.  By  taking  an 
estimated  figure  of  0.1  for  this, 
tha  predictions  of  aquation  1  can 
be  osnparsd  with  the  results  ef 


Fig.  7.  These  are  presented  for 
2»  and  **  fibre  content  in  Fig.  9. 
The  tgrsaonaf  of  Fig.  9,  albeit 
dependent  upon  an  eatineted 


value  for  adhesion  factor,  is 

evideacs  that  the  theory  leading  to  equation  I  effectively  describes  the 
salient  phenomena  ef  deformation  ef  ooil/fibre  composites.  This 
strengthening  effect  of  fibres  has  also  been  observed  in  sands  and  silts, 
ths  results  ef  which  are  also  presented  in  reference  i. 


The  presence  of  fibres,  either 
natural  or  artificial,  will 
incraaaa  vehicle  traction, 
reduce  roll in*  reaiataace,  and 
increase  draught  forces  on 
earth  working  Machinery.  Clearly 
the  presence  of  vegetation  in 
aoils  is  of  importance  to  both 
the  agricultural  and  military 
engineer.  It  It  not  difficult, 
for  example,  to  envisage  a 
scenario  in  which  the 
deposition  of  artificial  fibres 
could  transform  from  impassable 
to  passable  a  strategically 
important  area  of  terrain,  thus 
assuring  the  safe  passage  of  a 
convoy  of  vehicles. 

In  summary,  this  paper  has  sought 
to  examine  the  effect  of  fibre 
inclusion  on  soil  strength.  Within  the  limitations  and  accuracy  normally 
associated  with  this  field  of  study,  it  has  correctly  accounted  for  the 
strengthening  effect  of  fibres  through  a  quantitative  description  of  the 
deformation  mechanism. 

CONCUlSIONg 

1 .  The  inclusion  of  artificial  fibres  in  real  soils  provides  a  useful 
technique  for  examining  the  effect  of  vegetation  on  shear  stress/ 
deformation  properties  of  soils. 

2.  A  theoretical  nodal  based  on  a  combined  fibre  sliding  and  cutting 
mechanism  predicts  the  following: 

(i)  Shear  etrese  is  proportional  to  volume  fraction  of  fibres. 

(ii)  Shear  stress  is  proportional  to  shear  deformation. 

3.  Experimental  testa  on  an  illita  clay  containing  Cibrillatod  poly- 
propelene  provide  supportive  evidence  to  confirm  the  above  predictions. 

A.  An  assumed  value  of  adhesion  factor  enables  a  reasonable  correlation 
to  be  established  between  predieted  and  observed  behaviour. 
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MICROWAVE  SENSOR  FOR  THE  TRAFF ICABILITV  STUDIES  OF  SNOW 


M.  SAARILAHTI 

UNIVERSITY  OF  OAR  ES  SALAAM,  OIV.  OF  FORESTRY,  HOROCORO,  TANZANIA 


^  1 .  BACKGROUND 

In  winter  conditions  snow  Is  an  iaportant  Mobility  factor  and 
studies  into  the  vehicle  snow  nobility  are  being  intensified 
CBROWN'-tBCt) .  Outside  the  field  of  transportation,  snoe  prop¬ 
erties  are  widely  studied  for  predicting  spring  floods.  Hel¬ 
sinki  University  of  Technology  is  actively  involved  in  these 
studies  and  a  nee  tool  for  Measuring  snoe  properties  has  been 

A - » p--«-tfnr  Tiurl  {TItiRI  mUtWWtA  This 

paper  discusses  the  use  of  a  nlcrowave  sensor  in  Measuring 
snow  properties  for  nobility  evaluation.— 

N— 

1 1  •  Dielectric  properties  of  snow 

The  dielectric  properties  of  a  certain  nediua  determine  the 
propagation  of  an  electronagnetic  radiation  through  it.  Short¬ 
ly  these  dielectric  properties  can  be  described  using  the  real 
part  of  the  relative  dielectric  constant  {t'T)  which  is  related 
to  the  velocity  of  the  radiowave  and  the  inaglnary  part  of  the 
relative  dielectric  constant  (6r')t  which  describes  the  energy 
losses  in  the  nediun. 

The  dielectric  properties  of  snow  depend  on 

-  density  of  snow 

-  wetness  of  snow. 

Wetness  is  liquid  water,  i.e.  watdr  Molecules  which  are  not 
a  part  of  snow  chrystals  (TIUR1  end  SIHVOLA  1982). 

Thus  by  Measuring  the  dielectric  properties  the  density  and 
wetness  of  snow  can  be  calculated.  The  loss  factor  is  pro¬ 
portional  to  the  frequency.  Thus,  by  Measuring  the  resonance 
frequency  and  the  aMount  of  attenuation  using  an  open  resona¬ 
tor,  the  snow  characteristics  can  be  obtained,  either  by  using 
Mathematical  models  or  experimental  equations.  lij  Fig.  1  the 
dependence  of  6r’  and  the  loss  factor  (tan  6  =  if)  is  pre¬ 
sented  as  a  function  of  snow  properties.  ^ 

12.  Microwave  snow  sensor 

The  microwave  snow  sensor  is  composed  of  a  copper  fork-antenna 
connected  to  a  small  metal  box  at  one  end  containing  the  elec¬ 
tronic  circuits.  The  length  of  the  fork  is  about  10  cm  and 
the  total  length  of  the  apparatus  is  less  than  0.9  m.  The 
mass  is  about  1  kg.  The  small  Incorporated  battery  can  be 
recharged  and  It  supplies  the  sensor  for  several  hours.  The 
sensor  is  thus  easy  to  use  in  the  terrain. 
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Density,  kg/m^ 


Fig.  1 . 


Dependence  of  snow  properties  on  dielectric 
properties  (after  TIURI  and  SIHVOLA  1962). 
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Measurements  are  made  by  pushing  the  antenna  into  snow.  If 
the  sensor  is  fitted  with  a  displacement  transducer  and  a 
small  cassette  recorder,  a  continuous  profile  can  be  regis¬ 
tered.  Spot-like  result*  can  be  read  on  dial*. 

2.  FIELD  TESTING  OF  THE  MICROWAVE  SNOW  SENSOR 

A  saall  field  test  eas  arranged  In  April  1982.  The  spring 
•as  advanced,  and  the  air  teaperature  eas  above  0°C.  Snow  was 
coarse  grained,  wet  and  many  layered.  Snow  density  or  wetness 
were  not  measured.  The  cone  index  was  measured  using  a  Farnell- 
penetroaeter .  The  dial  was  read  at  maximum  penetration  re¬ 
sistances  within  the  penetration  depth  of  about  5-10  cm.  As 
known  the  Cl-response  during  snow  penetration  is  toothed  and 
thus  the  obtained  Cl-reading  Is  rather  inaccurate.  Values 
less  than  10  could  not  be  read. 

The  microwave  snow  sensor  measurements  were  made  in  the  hori¬ 
zontal  direction  in  snow  walls.  The  sensor  was  pushed  into 
the  snow  and  the  readings  (Fig,  2)  were  taken.  After  this  the 
cone  penetrometer  was  pushed  into  the  same  layer  and  the  Cl 
reading  was  taken. 

Observations  were  made  at  8  points  and  of  these  A  were  on 
natural  snow  cover  and  4  on  packed  snow.  In  total  41  obser¬ 
vations  were  made. 


3.  RESULTS 

A  very  good  correlation  between  the  measured  real  part  of  the 
dielectric  constant  and  the  Cl-value  was  found.  The  best 
model  was 

Cl  =  0.0054  ,  r  =  .904***  N  =  41 

The  scatter  diagram  is  presented  in  Fig.  3. 

If  the  tr-vslue  is  under  1.70,  no  remarkable  penetration  re¬ 
sistance  is  found.  Above  that,  the  penetration  resistance 
increases  rapidly.  The  scattering  of  results  is  partly  due 
errors  in  Cl-readings.  As  mentioned  earlier,  the  measurement 
of  snow  by  a  penetrometer  is  difficult.  Another  source  of 
scattering  is  the  presence  of  thin  icy  layers  in  snow.  The 
snow  sensor  was  pushed  into  the  layer  and  kept  in  it,  but  the 
penetrometer  might  have  been  pushed  out  of  this  thin  layer. 

As  a  comparison,  we  can  give  the  ^-value  of  ice,  which  is  3.2 
and  diminishes  a  little  if  there  is  air  inclusion  in  ice 
(COOPER  et  al .  1976).  These  values  seem  to  fit  well,  because 
the  6r-value  of  hard  packed  track  was  2.0. 

4.  APPLICATION  OF  RESULTS 

The  snow  sensor  is  a  simple  and  easy  device  for  field  measure¬ 
ments.  The  readings  can  be  converted  into 

-  density  and 

-  wetness 

characteristics  of  snow,  and  thus  the  volume-weighing  of  snow 
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Is  unnecessary.  The  penetration  resistance  and  shear  strength 
can  be  calculated.  The  wetness  is  a  very  iaportant  factor  in 
certain  conditions,  for  example  when  resulting  in  clogging  of 
steel  stracks.  Therefore,  more  detailed  studies  in  the  appli¬ 
cations  of  this  technique  in  the  field  of  terraaechanics  are 
needed. 
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A  LU8RICATED  GONE  PENETROMETER  FOR  QUANTIFYING  THE  SOIL  PHYSICAL 
CONDITION 

E.  N.  TOLLNER 

AGR.  ENGR.  OEPT,  UNIVERSITY  OF  GEORGIA  EXP.  STA..  GRIFFIN,  GA  30212 


INTRODUCTION 


con#  perntrometer  Not  for  many  join  Noon  mod  to  choroctorlzo 
Mils  In  tons  of  com  Index  1o  tillage,  trafflcablllty  and  Mil-plant 
Interaction  studios.  The  Instrument  Is  Mphly  portable  and  makes  poss¬ 
ible  May  mmsurmnents  la  a  relatively  short  period  of  ttes.  It  has, 
therefore,  been  mod  widely  to  characterize  Mils  whore  variation  is 
often  considerable.  ^ 

The  earliest  application  of  the  peMtrooeter  ms  reported  In  1940 
for  predicting  the  coefficient  of  rolling  resistance  (see  McKIbben  and 
Hull,  1940).  The  U.  S.  Waterways  experiment  station  (1948),  considering 
Ioom  Mads  and  saturated  clays,  extensively  studied  trafflcablllty. 
They  Introduced  the  concept  of  "remolding  Index"  which  attmapted  to 
account  for  the  Impact  of  subs  ape  sat  traffic  oa  Mil  trafflcablllty. 
Zelenin  (1950)  preseated  aa  empirical  relationship  relating  corn  Index 
(with  aa  Impact  peMtronater)  to  draft  forces  of  various  cutters.  Sub¬ 
sequent  studies  have  shewn  that  the  coefficients  In  the  relationship 
change  considerably  with  depth  and  Mil  type  (Gill  and  Vaadon  Berg, 
1968).  Wiener  and  Luth  (1974)  presented  a  relationship  between  the  com 
Index  (average  over  IS  on  depth)  and  traction.  Their  method  performs 
best  In  firm  Mils  (Lllgsdahl,  et  al  1979).  All  the  remits  given  were 
largely  empirical  and  should,  therefore,  be  mad  with  caution. 


Although  com  Index  Is  motel  ter  relative  comparisons  and  ter 
correlation  with  other  field  data  (under  consistent  Mils  and  Mil  condi¬ 
tions),  this  Index,  In  aa  absolute  senM,  Is  difficult  to  Interpret  dm 
to  uncertainty  In  the  Mil  reaction.  The  Interpretation  of  com  Index 
Is  complicated  became  Its  value  Is  dependant  on  both  the  Mil  character¬ 
istics  and  the  m11-com  Interaction.  Soil  failure  characteristics  and 
Mil -com  Interaction  are  complex  and  depend  upon  moisture,  density, 
stress  history  and  Mil  type* 


A  comprehensive  theory  or  model  describing  the  Mil  penetration 
nsr  a  wide  variety  of  Mils  Is  yet  to  appear.  Efforts  have 
e  to  mthometlcal  ly  describe  the  panotretlM  proems  In  such 
specific  prmessss  as  root  growth  and  small  probes  (e.g.  Greecoa  et  al. 
1988),  and  by  sheet  piling  (e.g.  Seaport  at,  1979).  Graacan  et  al. 
(1911)  explained  that  the  Mil  elsplacenant  geometry  nmr  penetrating 
Instruments  ranged  aamouhere  ha  tween  cylindrical  and  spherical,  with 
actual  displacement  geometry  gevemed  by  came  angle,  earn  diameter, 
sell  metal  fMctlen  end  Mfl  strength  parens  tern.  In  medetllng  the 
pOMtratlm  proems,  the  attuned  Mil  GHpinamat  gems  try  has  a  sight* 
flemt  effect  on  the  oalcwletod  eenetMtten  prises  re  treat  an  et  al. 
(IMS),  ha  their  sails  which  had  Mgh  eshmlm  and  hi#  Mil  tetetten 
eagles,  iphtrleel  dlapletomemt  paltarm  facetted  tn  c  ftve-fotd  tucraem 
In  com  Index  empared  to  cylindrical  dtsplecmmt  geometry.  The  Inter- 
prctetlm  of  com  Index  data  wMld  he  stapllfled  when  the 
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geonetry  is  nor*  consistent  In  a  rang*  of  soil  conditions,  as  consistent 
soil  displacement  enhances  development  of  mathematical  models. 

A  penetrometer  was  modified  (by  adding  lubrication)  with  the  anti¬ 
cipation  of  simplifying  soil  failure  geometry  and  of  obtaining  two 
Indices;  (a)  cone  Index  (with  reduced  soil-metal  friction),  and  (b) 
•relaxed*  penetration  pressure  (pressure  at  1  minute  after  Insertion 
ceases).  It  was  thought  that  the  modified  penetrometer  will  bring  about 
a  radial  soil  displacement  due  to  reduced  soil -metal  friction,  thereby 
better  defining  the  soil  reaction.  For  clarity,  the  new  Instrument  was 
called  an  "Impedometer. 

Results  comparing  the  performance  of  the  Imped ome ter  and  penetro¬ 
meter  In  several  soil  types  found  In  Southeastern  Uhl ted  States  are 
presented  and  discussed.  Cone  Index  and  relaxed  pressure  of  penetro¬ 
meters  and  Imped  one  tors  are  compered  In  4  soil  types,  2-4  soil  moisture 
levels  (depending  on  soil  woritablllly),  2-3  sell  compaction  levels,  and 
4  cone  angles.  Before  presenting  results,  modifications  to  the  penetro¬ 
meter  are  given. 


HOOimWB  THE  fEMETRflHETER  TO  BRINS  ABOUT  RACIAL  SOIL  PISPUCEHEHT 

The  concept  of  Imped ometer  was  based  on  using  lubricating  polymers 
to  reduce  soil  •metal  friction  associated  with  a  con*  penetrometer, 
(kina  a  SI  polymer- water  mixture,  Sehafer  et  al.  (1975)  reported  a 
55-60*  reduction  In  soil -metal  friction.  To  achieve  similar  reduction 
In  soil -metal  friction  In  a  penetromatar,  a  hollow  cone,  with  four  ports 
located  90*  apart  In  a  circumference  as  closo  to  the  con*  tip  as  struc¬ 
turally  possible,  was  used  te  Introduce  lubrication  at  the  soil-cone 
Interface,  lb*  base  area  of  the  con*  was  the  same  as  the  small  ASAE 
(1982)  standard  con*  penetrometer.  The  hollow  cone,  mounted  at  the  end 
of  a  hollow  shaft  connecting  the  central  passage  of  the  shaft  with  the 
Inside  cavity  of  the  cone,  permitted  the  supply  of  the  polymer  lubricant 
under  pressure  through  the  four  ports  at  the  soil-cone  Interface. 


MATERIALS  ARP  HETHOBS 

XUt.£KKS*HL 

The  penetrometers  and  In  pedometers  ware  constructed  with  four 
selected  con*  angles  of  IS*,  28*,  IS*  and  30*  (ASAE  Standard).  This 
range  of  con*  angles  was  chosen  because  the  desired  radial  failure 
pattern  was  considered  moat  likely  within  this  rmag*  of  angles.  The 
base  area  for  all  four  cones  was  1.29  cm  (0.20  In1)  In  accordance  with 
the  ASAE  Standards  (1982).  The  lubricated  canes  for  the  tmpadasatari 
were  constructed  by  drilling  fser  1.0  am  die.  porta  located  90*  apart  on 
a  circumference  at  about  1/3  cant  height  free  the  tip.  A  cavity  In  the 
cone  was  formed  by  drilling  with  a  4.8  no  (3/14  In.)  drill  b4t  free  the 
base  of  tho  con*  to  a  depth  where  the  fear  ports  ciamectei  with  the 
cavity.  Tba  cant  was  than  attachad  to  a  hollow  shaft  connacting  tho 
cantor  passage  of  the  shaft  with  the  cone  cavity.  This  arfenginant 
permitted  a  lubricant,  introduced  under  presence  In  the  center  pawn 
of  tho  shaft,  to  flow  out  through  the  tear  cent  ports  (Tollman  end  term 
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1983).  The  lubricant  was  a  St  mixture  of  Nalco1,2  TX270  polymer. 

The  penetrometer  ms  attached  to  a  50-kg  load  cell  mounted  In  the 
top  stationary  cross  member  of  an  Instron  testing  machine.  A  rigid 
plastic  bucket  containing  a  test  soil  ms  placed  on  a  platform  mounted 
on  the  moving  crossmember.  The  crossmember  ms  moved  towards  the  sta¬ 
tionary  penetrometer  to  allow  the  penetration  of  the  cone  In  the  test 
soil  at  a  fixed  rate  of  480  mm/arlnute. 

Test  Media  Preparation 

Four  test  soils,  silica  sand.  Lakeland  sand,  Tlfton  sandy  loan,  and 
a  Cecil  s endly  clay  Mre  employed  for  the  study.  The  test  soils  were 
prepared  by  air  drying  and  sieving  through  a  2m  selva  for  removing 
debrl  and  adjusting  moisture  content  by  either  drying  or  adding  water  to 
obtain  the  desired  soil  moisture  within  the  selected  range  of  5 -22*  (dry 
basis).  Test  samples  of  each  soil -moisture  level  combinations  were 
prepared  by  pouring  9(30  gm.  of  soil  or  15850  gm  of  sand  (air  dry  equiv¬ 
alent  Might)  Into  19  liter  rigid  plastic  buckets  and  compacting  the 
sample  using  a  12  kg.  Might  falling  a  distance  of  30.5  cm.  onto  a  1.27 
mi  thick  by  26  mm  diameter  wooden  disc.  FOr  each  soil-moisture  combina¬ 
tion,  three  levels  of  compaction  Mre  obtained  by  applying  either  3,  6 
or  12  blows  to  the  loosely  filled  test  sample.  Semples  Mre  then  sealed 
and  stored,  undisturbed,  for  at  least  24  hours. 

Penetration  Procedure 

A  sample  In  the  bucket  ms  caretelly  placed  on  the  testing  machine 
so  as  to  not  deform  the  bucket.  After  mounting  the  desired  cone,  the 
lubrication  pump  ms  either  switched  on  for  the  Impedometer  tests  with 
hollow  cones,  or  ms  switched  off  for  the  penetrometer  tests,  and  pene¬ 
tration  ms  Initiated.  fenetretlon  ms  automatically  stopped  when  the 
cone  reached  about  7  cm.  from  the  bucket  bottom,  resulting  In  a  pene¬ 
tration  depth  of  12-15  cm.  A  test  plot  of  penetration  depth  and  penetra¬ 
tion  pressure  ms  recorded  from  which  the  peak  value  ms  read.  Tne  peak 
value  ms  denoted  as  come  Index.  After  the  penetration  ceased  at  the 
maximal  penetration  depth,  pressure  readings  were  recorded  for  another 
minute  while  stress  relaxation  occurred  near  the  soil -cone  Interface. 
The  penetration  pressure  reading  at  the  end  of  the  one  minute  ms  denot¬ 
ed  as  the  "relaxed  pressure”. 

.Cgndltfggt 

Soil,  moisture  and  compaction  combinations  utilised  In  tee  study, 
along  with  corresponding  bulk  density,  are  listed  In  Table  1.  Attempts 
Mre  made  to  have  terse  compaction  levels  and  four  moisture  contents 
(5-25S)  for  each  test  sells  however,  higher  moisture  contents  frequently 
resulted  In  sloppy  and  unworkable  sell  conditions.  Those  conditions 
were  responsible  for  the  rtteetd  number  of  treatments  with  soma  soil 
types,  except  ter  the  Silica  Sand,  the  lowest  moisture  content  listed 


^Nalco  Chemical  Co.,  (216  M.  (HD  Mace,  Chicago,  111.  806M. 

^Trade  names  are  used  In  this  publication  solely  to  provide  specific  In¬ 
teraction.  Mention  of  a  trade  mama  dees  not  constitute  a  guarantee  of 
that  product  by  tee  university  of  twite,  nor  does  It  Imply  «•  endorse¬ 
ment  by  the  university  over  comps  mbit  protects  test  are  opt  named. 


In  Table  1  was  the  air-dried  moisture  content. 

With  a  given  soil -moisture-compaction  level  combination,  three 
replications  with  each  cone  angle  were  performed  for  the  penetrometer 
and  Impedometer.  For  the  penetrometer,  the  peak  cone  Index  (P)  was  read 
as  was  the  relaxed  pressure  (PR).  Similarly,  for  the  Impedometer,  the 
peak  cone  Index  (Pi  )  and  relaxed  pressure  (PRi  )  were  obtained.  Each 
dependant  variable  was  analyzed  statistically  with  a  completely  random 
factorial  (main  effects  only)  design  using  the  SAS  package  . 

Visual  Observations 


Visual  observations  of  soil  displacement  for  both  the  Impedometer 
and  penetrometers  were  made  using  the  following  technique.  Approximate¬ 
ly  3  cm  of  loose  soil  was  placed  In  the  bucket  and  leveled,  and  a  layer 
of  damp  tissue  paper  was  carefully  laid  on  the  soil  layer.  The  step  was 
repeated  until  10-12  layers  of  tissue  paper  were  present  In  the  soil 
sample.  The  loose  soil -tissue  paper  saple  was  then  compacted  by 
applying  three  blows  In  the  similar  manner  discussed  earlier.  The 
Impedometer  or  penetrometer  was  then  Inserted  at  the  center  of  the  soil 
sample.  A  60*  segment  was  then  removed  to  observe  soil  displacement  by 
noticing  the  displacement  of  the  tissue  paper. 


RESULTS  AMO  DISCUSSION 
Visual  Observations  of  Soil  PI SPlec ament 

Shown  In  Figure  1  It  the  tissue  punr  displacement  by  the  pene¬ 
trometer  and  Impedometer  for  the  151  moisture  and  3  blows  compaction 
condition  In  the  Cecil  sandy  clay  soil.  Ibtch  soil  displacement  near  the 
path  of  the  cone  In  the  vertical  direction  Is  obvious  In  the  case  of  the 
penetrometer,  idiereas  with  the  Impedometer,  only  a  slight  vertical 
displacement  In  the  top  layer  was  noticeable.  A  careful  observation  of 
soil  displacement  Indicates  that  with  the  Impedometer  the  penetration 
pressure  was  nearly  all  due  te  radial  sell  displacement  whereas,  with 
the  penetrometer,  a  substantial  vertical  component  was  present. 

Characteristic  Penetration  Prossuro-Peoth  Relations 

Two  characteristic  types  of  relationships  of  the  penetration  pres¬ 
sure  vs  depth  were  observed.  In  the  Lakeland  sand,  the  silica  sand,  and 
Tlfton  sandy  loam  and  Cecil  sandy  clay  (at  the  lowest  moisture  contents), 
the  penetration  pressure  Increased  linearly  with  penetration  depth. 
This  trend  ms  consistent  for  all  caepictlon  levels  and  with  alt  cone 
angles.  When  Tlfton  sandy  loam  and  Cecil  sandy  clays  ware  sufficiently 
moist  to  hove  compressible  aggregates,  the  penetration  pressure  vs. 
depth  was  non-linear  and  reached  a  constant  pressure  before  the  naxtaum 
penetration  depth  ms  reached. 

The  two  different  penetration  pressure-depth  relationships  may  be 
best  explained  by  considering  the  compressibility  of  tho  soil.  Based  on 
an  analysis  of  various  mathmaatlcal  relationships  presented  by  Sangerlat 
(1979),  the  linear  penetration  pressure  depth  relationship  could  be  best 


’w  institute,  Inc.,  IAS  Circle,  Bex  BBOO,  Cary,  Berth  Carolina  17*11. 
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described  by  the  Terzaghl  penetration  theory.  In  this  theory,  incom¬ 
pressible  soil  reaches  classical  coulomb  failure,  and  the  failure  zone 
Increases  with  depth  of  penetration.  In  the  non-linear  penetration 
pressure-depth  relationship,  soil  aggregates  presunably  were  compressed 
to  the  point  of  plastic  or  compression  failure.  Greacen  et  al.  (1968) 
suggest  that  when  aggregate  failure  occurrs,  the  radius  of  soil  distur¬ 
bance  by  a  cone  penetrometer  is  less  than  10  cone  diameters,  which  was 
consistent  with  our  visual  observations. 

Cone  Index  and  Relaxed  Pressures 

Means  of  maximum  cone  Index  and  means  of  relaxed  pressures  for  each 
soil  type  are  presented  In  Fig.  2  and  an  overall  stannary  Is  listed  In 
Table  2.  Cone  Index  with  the  Impedometer  was  always  lower.  Relaxed 
pressure  was  always  less  than  the  corresponding  cone  Index.  Relaxation 
was  more  pronounced  with  the  Impedometer,  especially  In  the  heavier 
textured  soils.  Coefficients  of  variation  In  cone  Index  were  slightly 
larger  with  the  In  pedometer  compared  to  the  penetrometer  and  the  coeffi¬ 
cients  of  variation  In  relaxed  pressure  were  substantially  larger  with 
the  Impedometer. 

Tables  3  and  4  list  mean  cone  Index  and  mean  relaxed  pressure  aver¬ 
aged  for  each  moisture  content,  cone  angle,  and  compaction  level  within 
each  soil  type*  In  general,  moisture  effects  are  complex  owing  to  the 
fact  that  moisture  can  change  soil  displacement  patterns.  The  higher 
moisture  average  appeared  to  coincide  with  the  moisture  content  offering 
the  highest  real  or  apparent  cohesion  value.  As  cone  angle  Increased 
penetration  and  relaxed  penetration  pressures  generally  decreased  (Fig¬ 
ure  3).  For  Lakeland  Sand,  Silica  Send  and  Cecil  Sandy  Clay,  significant 
differences  were  noted,  with  higher  cone  angles  generally  resulting  In 
lower  cone  Indices.  In  the  Tlfton  Sandy  Loam  there  were  no  significant 
differences  among  the  cone  angles.  Effects  of  compaction  level  on  cone 
Index  and  relaxed  pressures  are  shown  In  Figure  3.  Compaction  had,  by 
far,  the  greatest  effect  on  the  respective  cone  Indices.  Each  compac¬ 
tion  level  was  statistically  significantly  different  when  analysed  by 
soil  type. 

Penetration  Pressure  Ratios 

Ratios  involving  cone  Index  and  relaxed  pressure  wore  computed  to 
aid  In  further  Interpretation  of  the  data  and  are  defined  as  follows: 
The  cone  Index  ratio  (Pi/P)»  penetrometer  relaxation  ratio  (PR/P), 
tapedameter  relaxation  ratio  (PR^/P  )  and  relaxed  pressure  ratio  (PR 
/PR).  Numerater  and  denoalnater  cone  angles  were  consistent  In  all 
ratios.  Calculations  are  summarized  In  fables  2  and  5  and  shown  In 
Figure  4. 

Cone  Index  Ratio  (Pi  /P):  This  ratio  was  consistent  for  the  soil 
types  (Figure  4).  The  same trend  held  with  respect  to  compaction  level 
(cob pa re  appropriate  lines  on  Figure  3).  The  ratio  tended  to  Increase 
with  cone  angle  (Figure  3).  To  edi^uately  understand  lubrication 
effects  on  cone  Index  requires  an  appropriate  mathematical  model. 
KostrltSMi  (1986)  and  Greacen  et  al  ()9ei)  present  models  which  relate 
cone  Index  to  cone  geometry  variables,  soil  properties  and  soil -metal 
friction.  Those  models  should  provide  a  suitable  bases  for  additional 
Investigations. 


lalaiiatlan  Ratios  (PR/P  tad  PRi/P.  It  Mean  values  of  these  ratios 
for  MenooTr  oy  noHwW,  cWJ  Inf  la  and  compaction  level  are 


shown  in  Figure  4  end  Table  2.  More  relaxation  occurred  with  the  Inpedo- 
neter,  especially  In  the  heavier  soils.  For  both  the  Impedometer  and 
penetrometer,  soil  type,  compaction  level  and  moisture  had  considerable 
Influence  on  cone  Index  and  relaxed  pressures.  The  degree  of  relaxation. 
Indicated  by  the  ratio  PR/P  In  Table  2.  Is  highly  dependent  on  soil 
type,  moisture  and  compaction  level.  According  to  Mitchell  (1976)  the 
magnitude  of  pressure  relaxation  depends  upon  the  magnitude  of  applied 
stress  (penetration  pressure  here)  Immediately  before  relaxation  begins, 
soil  plasticity  end  prior  stress  history.  Aggregate  compressibility 
also  has  a  bearing.  In  other  words,  relaxation  depends  on  a  combination 
of  susceptibility  to  "work  hardening"  and  the  amount  of  work  hardening 
performed  prior  to  penetration.  Low  relaxation  Is  Indicative  of  Incom¬ 
pressible  aggregates  or  highly  compacted  plastic  soils.  Conversely, 
high  relaxation  denotes  low  compaction  In  plastic  soils. 

Malaxed  Pressure  Ratio  (PRi  /PR):  Effect  of  moisture  content  and 
cone  angle  ms  simitar  on  this  ratio  as  was  observed  on  the  PR/P  and  PR 
/Pi  ratios.  However,  soil  type  effects  were  less  Influential  on  PR^/PR 
ratio  compared  to  other  ratios.  It  was  noteworthy  that,  even  when 
additional  compaction  (Increased  number  of  blows)  resulted  In  only  a 
small  change  In  the  measured  bulk  density,  the  relaxed  PRi/PR  ratio  In¬ 
creased  Indicating  a  sensitivity  to  loading.  This  ratio  did  exhibit  the 
highest  coefficient  of  variation  of  all  ratios  evaluated  (Table  5). 
Mending  farther  evaluation,  this  ratio  may  provide  an  Indication  of 
effective  compaction  Important  far  plant  growth,  tillage  and  traffic- 
ability  studies. 


COHCLUSIOWS 

1)  Two  typ*s  of  failure  are  possible: 

a)  In  compressible  soils  where  aggregates  are  plastic,  the 
penetration  pressure-depth  relation  tended  towards  con¬ 
stant  pressure  with  Increasing  depth  suggesting  that  soil 
disturbance  was  occurring  within  a  relatively  smaller 
zone  near  the  cone. 

b)  In  Incompressible,  non-plastic  soils  the  penetration 
pressure-depth  relationship  Indicated  an  Increasing 
pressure  with  depth,  suggesting  the  possibility  of  classi¬ 
cal  Coulomb- Ranklno  failure. 

2)  Based  on  the  United  visual  evidence  and  on  the  fact  that  lubrica¬ 
tion  always  decreased  the  penetration  relaxation  ratio  (PRj/PR),  It 
was  concluded  that  lubrication  enhances  the  likelihood  of  a  consis¬ 
tent  radial  soil  failure  around  the  cone,  thereby  making  the  soil 
reaction  less  variable. 

3)  Relaxation  was  least  apparent  when  appragatos  wore  Incompressible 
and  compaction  was  highest.  Conversely,  relaxation  was  most  appa¬ 
rent  when  sells  were  _p!  as  tic  and  compaction  was  least.  The  relax¬ 
ation  retie,  (PR  j.  /Pi)  appears  to  bo  useful  in  predicting  the 
sensitivity  of  a  sell  mass  to  Alters  leading. 

It  Is  felt  that  a  waiter  ament  systwa  Involving  an  Impedamatai1  can 

be  useful  far  mare  the  roughly  quantifying  the  sell  physical  condition. 

Mathematical  models  can  aid  In  mere  completely  realising  potential  lane- 
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fits  of  the  soil  Impedometer.  Consideration  of  soil  deformation 
theories  pros tod  by  Kostrltsyn  (1956)  and  Greacen  at  a).  (1968) 
su99asts  a  caaplex  relationship  betwoon  soil -metal  friction  and  cone  In¬ 
dex  .  Additional  testing  Is  planned  to  consider  not  only  the  Kostrltsyn 
(1956)  and  Greacen  et  al.  (1968)  models  but  also  the  Schafer  et  al. 
(1969)  similitude-based  model.  The  Increased  consistency  of  the  soil 
reaction  with  the  tnpedaneter  enhances  the  potential  of  Improving  mnplrl- 
cal  and  basic  relationships  for  defining  soil  conditions,  which  may  be 
used  for  determining  trafflcablllty  end  for  quantifying  effects  of  till¬ 
age  operations  on  soils. 
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Tabic  1. 

Test  condition  of  soils:  soil  type,  moisture  content*  compaction  level 
(blows),  and  measured  dry  bulk  density. 
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Table  4. 

Relaxed  Pressure  Over  Moisture.  Cone  Angle  and  Blows  for  Each 
Soil  Type  with  the  Iwped  water  (to)  and  Penetroaater  (Pe). 


Table  5 


PRjypR  denotes  Irapedometer  relaxed  pres  sure/ penetrometer  relaxed  pressure 


Fffwr*  I.  Pvt ogrtfht  staring  sot!  tflsploconmt  patterns  resoltlng  frc 
P««WtraMt*r  (no-lub)  •*)  Inoetfcmtor  (lob).  Tht  com  moI 
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Penetration  Pressure  (kPe) 
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Flfura  2.  Hlstofran  of  case  Index  naans  and  relaxad  pressure  naans,  over 

^  for  P^tramtor  (non- 
iMbrlcatad)  and  fepedoaeter  (lubricated),  for  each  soil 
typt  tested . 
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Figure  4.  Histogram  of  cone  Index  ratio  (P./P)  neons,  relaxation  ratios 
(PS/P  and  PSt/ft  )  naans,  and  refaxad  pressure  ratio  (PS,  /PR) 
naans,  over  all  test  conditions  within  each  soil,  for  each 
soil  type  tested. 
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ABSTRACT 

The  soil  of  fields  should  be  regarded  as  a  coaposite  aaterial  or 
coaposite  soil  which  contains  plant's  root.  By  the  effect  of  root, 
aechanical  properties  of  the  coaposite  soil  are  different  froa  those  of 
usual  soil.  Then,  it  say  be  necessary  to  eetiaate  and  to  recognize 
qualitative  and  quantitative  influences  of  this  difference  i.e.  root's 
effect  to  the  trafficability.  especially  that  of  low  ground  contact 
pressure  tractor  such  as  the  crawler  type.  The  aechanical  properties  of 
coaposite  soil  was  discussed  as  a  first  step  to  achieve  this  purpose  in 
this  paper.  Saae  experimental  results  of  paddy  field’s  soil  as  a  kind  of 
coaposi te  soils  showed  that  the  effect  of  root  appeared  evidently  in  the 
extension  and  low  stress  deforest ion  processes.  Because  plastic 
deforaation  also  occur ed  remarkably  in  these  stress  states,  the  coaposite 
soil  was  classified  aechanical ly  into  the  elasto-plastic  body.  Based  on 
these  results,  an  elasto-plastic  aodel.  which  was  modified  one  for  soil, 
was  introduced  and  examined  qualitatively  its  behaviours  feae  parameters 
were  used  in  this  model  to  account  for  the  charactdSustics  of  the 
plasticity  of  coaposite  soil.  These  parameters  control  4hW  hardening  and 
softening  behaviours,  which  are  the  function  with  she  volumetric  plastic 
strain  and  deviatoric  plastic  strain.  Qualitative  and  'quantitative 
examinations  showed  that  this  aodel  properly  interpreted  the 
elasto  plastic  behaviours  of  coaposite  soil.  An  example  of  concrete 
elasto  plastic  constitutive  equation  was  derived  froa  this  aodel.  This 
constitutive  equation  gave  suitable  stress-strain  curves. 


1.  Introduction 

The  aain  purpose  of  this  paper  is  to  investigate  the  aechanical 
properties  of  composite  aaterial  with  soil  and  root  by  the  viewpoint  of 
elasto  plastic  theory.  Although  the  coaposite  aaterial  is  a  term  in  the 
field  of  industrial  aaterials.  that  naans  in  this  paper  the  soil  includes 
root.  This  coaposite  aaterial  is  named  the  'ooaposite  soil'. 

Off  road  vihicles.  especially  the  agricultural  machinery, 
ordinarily  rim  on  the  ground  covered  with  grass,  tree  and  other  plants 
such  as  fields.  Since  this  soil  contains  roots  of  the  plant,  its 
properties  are  different  froa  the  usual  soil.  In  particular  the 
aechanical  properties  aay  be  aore  or  less  influenced  by  that  of  roots. 
Therefore,  the  trafficability  or  nobility  of  off-road  vihicles  is 
affected  by  these  roots  relating  to  the  mechanical  properties  indirectly. 
As  shown  in  recent  Japanese  type  ooabine  harvester  tracked  crawler  shoes, 
the  assn  ground  contact  pressure  of  sons  vihicles  has  gradually  decreased 
to  about  2.0  kh.  UMer  the  low  ground  contact  pressure  the  behaviours  of 
soil  aay  be  strongly  influenced  by  the  root’s  effect. 

This  effect  of  root  has  not  been  regarded  es  an  important  factor 
not  only  to  the  studies  of  trafficability  but  also  to  the  sdil  'mechanics 
in  the  pest  these  studies.  At  least  there  wee  no  report  to  investgete  the 
aechenioal  properties  of  the  ooaposite  soil  associated  with  root  s 
effect.  Two  asin  reasons  any  be  thought  to  this  disregard  of  root's 
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effect.  The  one  is  that  this  influence  is  so  snail  to  the  deformation 
behaviours  of  soil  under  wheel  or  crawler  havinc  the  high  ground  contact 
pressure  relatively.  The  other  is  that  the  soil  Mechanics  has  not  been 
sufficiently  developed  to  account  for  the  deforaation  behaviours  of  soil 
included  into  the  composite  soil,  because  soil  has  very  complex 
mechanical  properties.  While  the  importance  of  soil  mechanics  to  solve 
the  problems  related  to  trafficability  has  been  eagerly  insisted,  there 
is  a  few  result  of  successful  application  against  expectation. 

One  of  the  roles  of  soil  mechanics  to  the  study  on  trafficability 
is  to  predict  the  stress  or  strain  distribution  in  soil  under  wheel  and 
crawler.  It  is  necessary  for  this  purpose  to  describe  clearly  the 
deformation  behaviours  and  its  resistance  of  soil.  Elasto-plastic 
theories  for  soil  have  been  discussed  actively  in  the  last  two  decades  to 
represent  the  mechanical  properties  rsfered  to  the  stress-strain 
relationships  which  is  called  the  'constitutive  equation' .  It  can  give 
mathematical  expressions  of  those  stress-strain  relationships.  Soma 
trials  have  been  treated  for  applying  these  results  to  the  problems  of 
sinkage  and  draft  of  wheel  or  crawler  by  the  use  of  the  limit  analysis 
and  the  FBI  (I  Ksrafiath).  Consequently,  mechanical  proparties  of 
composite  soil  must  be  clear  based  on  soil  mechanics  to  taka 
consideration  into  the  root's  effect  upon  the  problems  of  trafficability . 

Mechanical  properties  of  composite  soil  perhsps  depend  on  volume 
and  distribution  of  roots,  strength  of  each  root  and  water  contents.  But. 
mechanical  properties  of  component  soil,  which  is  called  ‘aatrix  soil*  in 
this  paper,  are  most  primary  factor  to  those  of  composite  soil.  Thus, 
there  are  so  many  factors  to  influence  the  nechanical  properties  of 
composite  soil  that  the  constitutive  equation  nay  be  very  complex.  In 
addition,  thane  factors  related  to  root  vary  remarkably  by  the  kind  of 
plants,  climate  etc.  So.  it  may  be  inpossible  to  take  the  oomplete 
constitutive  equation  for  applying  all  kinds  of  coupon ite  soil. 
Therefore,  it  is  rational  to  discuss  the  constitutive  equation  with 
restriction  of  application  range  to  the  each  kind  of  composite  soil. 

In  this  paper,  the  characteristics  of  nechanical  properties  of 
ooagosite  soil  were  arranged  theoretically  based  on  the  some  experimental 
results (2.Vmao).  As  a  first  step,  an  elasto-plastic  model  was  assumed  and 
examined  its  behaviours.  Then,  an  example  of  elasto-plastic  constitutive 
equation  was  derived  by  this  nodel .  and  some  stress-strain  curves  wore 
calculated  to  examine  this  model  and  equation. 

t.  An  outline  of  the  mechanical  properties  of  composite  moil 

The  mechenical  properties  of  the  ammonite  soil  called  'Nee  Mat* 
in  Japanese  as  an  example  which  was  the  paddy  field's  soil  contained 
roots  of  rice  seedling,  were  examined  experimentally (2.  Uano).  Root  of 
rice  seedling  is  small,  weak  and  flexible  to  the  outer  force,  end 
constructs  the  network  structure  of  roots  such  as  fiber  reinforced 
material.  Accordingly,  the  nechanical  proper ties  of  this  composite  soil 
aainly  depends  on  that  of  aatrix  soil,  but  there  are  soam  different 
characteristics  compared  with  usual  soil. 

Thane  characteristics  ware  summarised  as  follows  on  the  viewpoints 
of  elasto-plastic  theory. 

(s)  The  tendency  of  sheering  and  compression  characteristics  .  i.e. 
di latency,  strain  hardening  behaviours  and  shear  strength  sic. .  is 
near  to  those  of  looms  peeked  soil. 

(b)  Ubasgliaible  extension  resistance  occurs.  *ich  is  sot  observed  in 
most  kinds  of  soil  without  clay. 

(e)  The  sachamioal  properties  of  composite  soil  Is  affected  by  that  of 
soil,  weight  or  volume  of  roots,  strength  a t  each  root  and  water 
content. 


compression 
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(d)  Matrix  soil  and  root  show  the  different  responcae  each  other  to  the 
■ode  of  applying  force.  For  examples  root  plays  an  important  role  on 
extension  process  and  soil  does  on  compression  process. 

(a)  The  strain  is  consisted  of  elastic,  plastic  and  viscost ic  component 
The  plastic  component  is  remarkable  not  only  in  the  finite  strain  but 
in  the  infinitesimal  strain. 

(f )  Stress-strain  curves  in  extension  and  compression  processes  represent 
by  the  power  function. 

o  *  ac"  (2.1) 

the  value  of  exponent  is  about  0.5  in  extension  and  about  1.0  in 
compression,  within  the  absolute  value  of  strain  0.3  as  shown  in  Fig.t. 
In  eq.  (2.1 ).  a  is  stress,  c  is  strain,  a  and  n  are  material  constants. 

In  cyclic  compression 

~  ascension  loading  process. 

£  *  ,.y\  hysteresis  loop  appears 

5  o  // \\- ^  clearly  in  the 

J  ^  //  X '  stress-strain  curve  (see 

2  //  \\  Fi«2> 

•  .1/  \\  (g)  Shear  strength  is 

L  \\  appromimated  by 

f  Coulomb-Hohr  's  equation  in 

*  ,  f .  negative  normal  stress 

. 'JF  0.05  o.i  0.15  region. 

/<f  strain  Taking  into  consideration 

compress  laa//  eith  these 

///  characteristics.  an 

/if  0  mechanical  model  wae 

/  •/  j  examined  to  represent  the 

/ //  extension  end  compression 

/if  behaviours  as  shown  in 

///  Fig. 3.  This  model  is 

/  //  o  consisted  of  spring. 

'  .0  M'  dnshpot  end  slider  to 

account  for  the 

Mg.l  Streea-strala  curvea  of  a  compos  lea  elasticity,  viscocity  and 
•°11  plasticity  rsspactivmly. 

This  model  has  three 

<2  ^  elements  A.  B  end  C.  The 

*  •  elements  A  and  B  are 

~  o  composed  of  the  standard 

I  y\ .  linear  solid  and  slidar. 

U  k  /  I f  the  each  component  has 

•  /\f  r  f  different  properties.  The 

%  „  /  l  I  fook  element  C(see  Fig.3 ) 

■Jo  '  /  k  n  distingishns  between 

S  1  /  n  j  extension  state  and 

I  loading  s'  /  //  compression  state,  namely 

I  llll  •*tsnsion  state  force  F 

/  ralnadl mU  //  *CU  MP°"  k'  °° 

reioadlay  //  the  other  head  in 

B  1/  ,  s if  loading  oomprsmsiom  state  force  F 

0  V  ,  ,  S2  -S 

•smpriMlwa  strata  difTaranca  of 

fig  1  Berees-strala  emrwa  ta  eyella  SSbU^to  “'dScribl 

eoapras.lo.  ft  CiUtivmly  bp  this 

model. 


Fig. 1  Streea-strala  curves  of  s  composite 
soil 


loading 


Fig. 2  Btraas -strata  cm 
compress loa  cast 


i.l 

live  strata 


ta  ayelta 
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Standard  linear  (olid*  SUdtt 
✓  * 


•oil  and  lea  Madam 


Although  this  aodel  can  be 
used  to  eetiaate  the  one 
dieenaional  deformation 
behaviours  of  composite 
soil,  it  can't  be  applied 
to  general  three 
dieenaional  deformation 
problems.  So.  it  is 
important  to  do 

investigate  the  general 
aechanical  aodel  for 
applying  to  the 
trafficability  problems. 
Because  plastic 

deformation  is  nore 
remarkable  then  elastic 
deformation.  mechanical 
models  of  composite  soil 
have  to  be  regarded  as 
elamto-plastic  models. 
Viscosity  i.e.  the  time 
dependency  of  the 
deformation  behaviours  or 
streee -strain 
relaticaehips  is 

disregarded  in  new  model . 
Therefore,  this  aodel  can 
be  applied  to  the 
quasi-static  deformation 
problems 


3.  A  Plastic  dedal 

While  composite  soil  has  some  different  properties  compared  with 
usual  soil  in  the  extension  and  lov  stress  region,  elasto-plastic 
deformation  behaviours  are  generally  similar  to  that  of  soils.  So.  aost 
part  of  deformation  behaviours  of  the  composite  soil  can  be  expected  to 
paprasant  bp  the  modified  elasto-plastic  modal  or  constitutive  aquation 
for  soil.  In  this  ssction.  plastic  deformation  behaviours  are  specified 
bp  the  use  of  a  plastic  nodal . 

Based  on  the  above  mentioned  experimental  outline,  fol loving 
basical  assumptions  vara  employed  to  explain  the  plastic  behaviours  of 
the  composite  soil. 

(a)  Tield  ooaditioa  or  yield  surface  exists.  This  is  a  function  vith 
stress  otl  and  plastic  strain  cf>  as  follome. 

)"0.  C3. 1 ) 

or  separative  form 

/(«<4>-P(c f4H>.  (3.2) 

share  f  is  a  loading  function  and  P  is  a  hardening  function  which 
controls  the  hardaslng  asd  softening  behaviours . 

(b)  The  shape  of  yield  surface  is  ths  stress  space  looks  like  that  of 
soil  thick  Is  anooth.  outer  convex  against  to  the  Conloab-Mohr’s 

(c)  The  else  of  initial  yield  sarfaoe  U  prinarily  determined  by  initial 
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void  ratio  of  oonpoeita  soil .  voluw  of  roots  and  strength  of  each 
root.  Ia  this  case  tha  influence  of  at  tar  content  don't  taka  into 
consideration,  so  stress  senna  the  affective  stress. 

(d)  Hardening  and/or  softening  behaviours  occur  with  proceeding  of 
plastic  daforaation.  end  succeeding  yield  surfaces  are  affected  not 
only  the  plastic  volusetric  strain  ef  but  also  the  seoond  order 
invariant  of  deviatoric  plastic  strain  c? . 

(a)  Plastic  strain  increnent  dcf,  occurs  fovard  to  the  direction  of 
outer  soraal  unit  on  the  currant  yield  surface.  This  is  generally 
called  the  'associated  flov  rule'  or  the  'normality  condition',  which 
is  represented  as  follows  (3.  Drucker). 

<3  3> 

where  G  is  a  non-negative  coefficient  which  givae  the  magnitude  of 
plastic  strain  increnent. 

(f)  Plastic  deformation  occurs  both  of  the  yield  stress  state  and 
subyield  stress  state  that  stress  does  not  reach  to  the  current  yield 
surfaced.  Hashiguchi).  Ia  the  subyield  stress  state,  plastic 
deformation  behaviours  are  provided  by  plastic  potential  <p  in  siailar 
to  the  yield  surface.  In  this  case  the  plastic  strain  increnent  is 
taken  by  the  equation  that  f  exchange  to  p  in  eq. (3.3). 

Theee  basical  assumptions  are  usually  applied  to  the  granular 
saterial  like  as  soils  without  (c)  and  (d).  Assumptions  (c)  and  (d)  were 
introduced  to  account  for  the  influence  of  root  to  the  characteristics  of 
plastic  deformation  behaviours  of  composite  soil . 

Baaed  on  these  assumptions,  a  concrete  plastic  model  was  aeauaed 
and  the  plastic  deformation  behaviours  were  analyzed  qualitatively  as 
follows. 

(I )  Initial  yield  surface 

Initial  yield  surfaces 
for  matrix  soil  and  composite 
soil  in  the  (p.r>  plane,  where 
p  is  pressure  and  r  is 
second-order  invariant  of 
stress  deviator .  are 
respectively  as  shown  in 
Pig. 4.  Both  surfaces  and 
p-axis  intersect  at  the  points 
Pv .  fv  and  po .  fv 
respectively.  These  surfaces 
coincide  at  the  point  |M<0). 
If  root  is  relatively  strong 
this  surface  for  composite 
soil  is  larger  than  that  for 
matrix  soil. 

Ota  the  other  hend.  both  surfaoes  apart  from  each  other  with  increase  of 
the  value  of  p.  It  naans  that  the  composite  soil  yields  higher  stress 
than  soil  in  the  hatching  zone  in  Pig. 4.  Accordingly  the  strength  of 
composite  soil  is  larger  than  that  of  soil  vithin  this  zone.  Value  of  Pt 
is  mainly  influenced  by  the  void  ratio  of  composite  soil,  and  the 
mechanioal  conditions  of  root  affect  to  tha  value  of  p, .  If  the  voluw  of 
roots  increases  and  each  root  baooaw  strengthen,  value  of  p,  beoomee 
large.  Consequently  composite  soil  is  reinforosd  by  the  root  such  as 
fiber  reinforosd  solids  in  the  extension  and  low  stress  state. 

(2)  Yield  oondition 

Yield  condition  is  described  by  the  function  f  in  eq. (3.2). 


yield  surface 
eoaposlts 
•oil 


*  »  V 

Fig. 4  Initial  ylald  surfaces  of 

composite  soil  and  component  soil 
In  (p.r)  plana 


■trssa 


1194 


In  seny  plasticity  theories 
strain  increment  dc?,  occurs  when 
Schofield).  In  this  paper,  it  is 
stress  stays  within  the  yield 
potential  p.  which  is  a  function 
defamation  within  subyield  stress 
P  <  / 

P  *  / 

Eq. (3.4)  gives  subyield  stress 
stats.  Normality  condition  also  e» 
sane  as  the  yield  stress  state. 

(3)  Plastic  strain  increment 

Plastic  strain  increment 
derived  by  the  basical  assumption 

*?*=#  (p //>•  dp 


,  it  is  ordinarily  asou— d  that  plastic 
stress  reaches  to  the  yield  surface (5. 
insisted  that  dr?*  occurs  although 
surface (4.  Haahiguchi ) .  The  plastic 
with  current  stress,  rules  plastic 
state. 

(3.4) 

(3.5) 

stats,  and  eq. (3.5)  gives  yield  stress 
lists  in  the  subyield  stress  state  as 


dc?*  is  given  by  following  equation 
(e)  and  (f). 


e//  <1 
9/J  =1 


Eq.  (3.7)  means  subyield  stress  state  and  sq.  (3.8)  means  yield  stress 
state.  Ndp  in  eq.  (3  6)  is  non-negative  coefficient  which  corresponds  to 
the  coefficient  0  in  eq.  (3.3).  (p//)*  controls  the  magnitude  of  plastic 
strain  increment  dc?*  at  the  subyield  stress  state.  There  is  no  distinct 
point  to  dewide  subyield  and  yield  stress  state,  so  this  transition 
process  is  shown  smooth.  When  stress  reaches  to  the  yield  surface,  fy 
satisfies  in  the  loading  prooass.  and.  plastic  strain  increment  in 
eq.(3.6)  equals  to  that  in  eq.(3.3). 

(4)  Hardening,  softening  and  di latency  behaviours 

As  discussed  by  Schofield.  Roaooe  and  Wroth  5. 6.7.8 >  .the 
hardening  behaviours  of  soil  are  primarily  determined  by  the  plastic 
volumetric  strain  cS .  Namely,  hardening  and  softening  behaviours  are 
associated  to  the  plastic  volume  change,  swelling  and  shrinkii*. 
Especially,  the  volume  change  under  shear  which  is  called  the  di latency 
is  an  important  characteristic  or  deformation  of  granular  materials. 
Experimental  results  showed  that  the  oomposite  soil  deformed  with 
hardening,  softening  end  di latency  behaviours  seam  as  soil. 

Second-order  invariant  of  plastic  deviatoric  strain  c?  is  an 
important  measure  of  those  phenomena  of  composite  soil  as  same  as  plastic 
volumetric  strain  e? .  Whan  the  value  of  e?  or  plastic  shearing 
displacement  increases,  roots  contained  the  composite  soil  are  gradually 
cut  and  became  weaken,  c?  reaches  to  the  critical  value  t?r  .  which  is  a 
function  with  the  strength  of  each  root  and  its  distribution,  then  roots 
are  completely  cut.  so  the  resistance  of  shearing  deforaation  decreases 
rapidly  to  that  of  satrix  soil.  If  ones  are  cut.  roots  don't  contribute 
to  the  succeeding  deformation.  This  process  is  equivalent  to  softening 
behaviours  without  the  influence  of  c? . 

Further,  positive  volueetric  plastic  strain  ct  or  swelling  causes 
the  softening  or  weakening  of  oomposite  soil.  If  c?  amoesds  the  critical 
walua  .  which  is  a  function  of  Um  strength  of  each  root  and  its 
distribution,  roots  don't  affect  the  succeeding  deformation  as  sane  am 
c?.  Negative  volaetric  plastic  strain  c? .  on  tbs  other  head,  onuses 
hardening,  because  the  void  ratio  baccnaa  email  without  cutting  of  roots. 

Plastic  deformation  behaviours  and  stress-strain  relationships  in 
the  simple  deformation  process  ouch  as  extension  and  compression  warm 
discussed  as  follows  based  on  ahewe  mentioned  plastic  modal.  Yield 
surfaces  are  denoted  by  circles  for  aiaplicity  in  this  qualitative 
sisulatios. 


(A)  Staple  extension  process 


Behaviour*  of  aurface*  Scra**-*craln  curve 


(A)  Extension  process 


(B)  Coepresslon  process 


Pig. 3  Hardening  and  softening  behaviours  of 
composite  soil 


The  effective 
stress  peth  of 
sieple  extension 
prooess  draws  a  line 
QAB  in  the 
(p.r)plane  as  shown 
in  Fig. 5.  Initial 
yield  surface  and 
initial  plastic 
potential  are 
denoted  by  Jo  and  «« 
respectively.  After 
strees  reeches  to  n 
plastic  strain 
increaent  dcf, 
occurs  along  the 
direction  to  outer 
unit  nornal  froa  the 
current  plastic 
potentials.  dcf, 
consists  of  the 
positive  voluaetric 
coaponent  dcf  and 
deviatoric  coaponent 
dr? .  So.  the 
coaposite  soil  is 
softened  wi th  the 
proceeding  of 
deforaation.  and  the 
aagni  tude  of  dcf, 
becaaes  gradually 
large.  The  size  of 
plastic  potential  p 

isotropical ly .  and 
that  of  yield 
surface  beooaes 
gradually  aaall . 


These  changes  turn  reaarlcable  with  the  elongation,  and  stress  strain 
curves  draw  the  shape  looks  like  a  aountain  (see  Fig.Si. 

The  tangential  gradient  of  stress-strain  curve  decreases  with  increasing 
of  strain.  After  the  peak  of  this  curve  appears  at  p.^  .  the  value  of 
stress  decreases  gradually.  Then,  yield  surface  f  coincides  with  plastic 
potential  p.  naaely  yield  condition,  and  both  are  shir inking  rapidly  as 
shown  in  Fig. 5. 

(B)  Staple  coapreesion  process 

In  coapression  deforaation  process  stress  increases  froa  the 
origin  of  (p.r)plane  and  draws  a  path  OCX)  as  shown  in  Fig. 5.  Plastic 
strain  increaent  dcf,  has  negative  or  positive  voluaetric  coaponsnt  dcf 
and  deviatoric  ooapooent  dcf.  If  negative  dcf  occurs,  the  hardening 
behaviours  appear  in  this  process.  Therefore,  the  plastic  potential  p 
increases  with  the  proceeding  of  deforaation  and  the  yield  surface  f 
becaaes  large.  The  increasing  rata  of  plastic  potential  baocaaa  larger 
than  that  of  yield  surface  gradually.  Than,  the  voluaetric  coaponent  of 
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deg,  decrease*  gradually  in  thia  process  and  ultimately  reaches  to  the 
condition  dc?,=0  which  is  called  'critical  void  state'.  The  deviatoric 
component  tfef  increases  with  the  softening  behaviours.  Until  eg  becomes 
fairly  large,  the  softening  behaviours  associated  to  deg  is  not  evidence 
due  to  the  hardening  behaviours  by  eJ  If  stress  reaches  to  the  critical 
void  state,  that  is  equivalent  to  the  failure  condition,  yield  surface 
decreases  gradually. 

On  the  other  hand,  if  positive  eg  occurs  the  softening  behaviours 
appear  fres  the  beginning  of  this  process.  Because,  softening  is  happened 
by  eg.  the  resultant  softening  becomes  remarkable. 

(C)  Tr  1  axial  compression  process 

The  deformation  behaviours  in  this  process  are  basically  similar 
to  those  of  compression  process .  although  deformation  begins  arbitrary 
initial  value  of  p. 


4.  Elasto-plastic  constitutive  equatioa 


I )  Plastic  constitutive  equation 

la  this  section,  an  example  of  the  plastic  potential  or  yield 
surface  of  composite  soil  was  firstly  assumed  to  deduce  a  concrete 
plastic  constitutive  equation.  Since  Schofield  and  Vroth(8)  had 
established  the  'critical  soil  mechanics',  some  types  of  yield  surface 
have  bean  proposed  in  the  field  of  soil  mechanics.  An  elipse  surface 
proposed  by  Burland'9>  was  chosen  as  an  yield  surface  of  composite  soil 
in  this  paper. 


f- 


* 

r 


r  2, 

P 


(4.1  > 


Because  the  composite  soil  exhibits  resistance  of  deformation 
against  to  the  extension,  the  form  of  this  function  is  slightly  modified 
as  follows. 


/2  =  =  JJ-PO  :  I  (4.2; 

where,  p  is  pressure,  r  is  second-order  invariant  of  deviatoric  stress 
o„(=  o,,-p 6I()  .  H  is  value  of  <-r/p)  at  the  critical  void  state,  pn 
represents  the  coordinate  of  p  axis  at  the  center  of  elipse.  The  notation 
of  stress  and  strain  are  as  follows. 

P  *  a,i&,,/ 3 


r  =(o,low  )°  5 


eg  =  cgj6(  j 

eg  *  <(cf ,-cfncg,-eg;>#5 


The  sise  of  yield  surface  f  equals  to  the  value  of  hardening 
function  F.  The  following  equation  was  adopted  as  an  example  of  F. 

F  ■=  F,  +  P  (4.3) 

F,  »  Fo  sip(-eg/a>  (4.4) 


P  -  f  (4.5) 

C5r  Ct 

F,  is  a  hardening  function  proposed  by  Hashiguchi (4)  for  soil,  that 
derived  from  the  lnlpl  -  eg  linear  relationships.  In  eq.(3.4).  F«  is  an 


initial  value  of  F, .  0  in  a  (radiant  of  the  In | p|  -  cj  linear 
relationships.  Function  P  in  introduced  to  account  for  the  affect  of 
roots  to  Uw  hardening  and  softening  behaviours  of  ccaposite  soil.  P,  is 
an  initial  value  of  P.  The  second  tern  of  right  hand  in  eq.  (3.6) 
represents  the  effect  of  c? .  and  third  tern  of  that  does  the  effect  of 
c£ .  a  and  1  in  eq.(4.5)  are  naterial  constants  respectively.  The 
denotation  *  and  A  in  eq.(3.5)  control  the  behaviours  of  yield  surface 
related  to  hardening  and  softening.  They  have  following  values  to 
siaulate  the  defornation  of  ccaposite  soil. 


♦  =  I  (cfS  e$, ) 

♦  =0  (cf>c!, ) 

A  =  I  ((KcJScJ, ) 

A  =  0  (c?i0,t?>eg. ) 


critical  atata 


Fig. 6  An  axawple  of  plastic  potential 
and  yield  surface  of  ccaposite 
soil  in  (p,r)  plane 


(4.0a) 

(4.0b) 

(4.71a) 

(4.7b) 

If  c?  reaches  to  cj,  .  the 
influence  of  ef  to  the  function 
P  vanishes.  Also  the  influence 
of  ct  to  the  function  P  is  as 
sane  as  the  case  of  c? .  In 
addition,  if  cfj£0  .  the  function 
P  don't  affect  the  hardening 
function  F.  Therefore,  the  role 
of  *  and  A  is  iaportant  on  the 
hardening  function  F. 

Fig. 6  shows  the  above  sectioned 
yield  surface  in  (p.r)  plane. 
Applying  eg.  (3.2)  -  (3.5)  to 

eq.  (2.6).  plastic  strain 
increnent  is  given  as  follows. 


*?, 


(*.’F  >* 


fdF/dc?)(d9/  dp  )♦  (dF/dc? )( dp/dr  jdou  doki 


<*»,  <4.o 


or 


dr?< 


( dF/dcf ) (dp/d pH  (dF/dcf > ( dp/d 


where. 


H  ‘  'Srf<£si 

ft-ii 


(4. 10) 

(4.11) 


M. 

dc? 


~iF* 


— — -&L —  -p 
t5»(1-Acf/ii,) 


£L  - is - P 

def  tt,(\ -*(*/&,) 


(4.12) 

(4.13) 


the  ooaposite  soil  yields.  9  is  replaced  by  f  in  thane  equations. 
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Them  equation*  ere  so  ccnplex  thet  the  application  to  the 
practical  problem  is  difficult  without  ooaputer  sided  celculetione.  But, 
them  equations  are  deduced  to  eiaple  fora  relatively  on  the  specific 
defer nation  processes  such  as  extension,  ooapression  etc  as  follows. 

(a)  Swelling  and  shrinking  process: 


ttt 


(dF/drf) (dp/dp)  dp 


(4.14) 


<b)  Axi 
d e* 


trical  ooapression  and  extension  pri 

ML 


-  (is  + 

»(dF7dcf  )(dp/dp)+  (dF/dcf)  (de/dr )  dp 


r»<U- 


dcf 


ML 


3(dF/dc? )  (de/dp )+  <dF/drf)(  dp/d 


(4.15) 

«  <1?  *  «*•»> 


At  is  axial  plastic  strain  increaent  and  do* 

it. 


is  axial  atrc 


Elastic  constitutive  equation 

la  soil  aschaaics.  the  plastic  deformtion  behaviours  and 
osastitwtive  equation  have  bean  investigated  eagerly  aore  than  the 
elasticity.  Therefore,  the  appropriate  elastic  constitutive  equations 
4  ham  established.  Hooke's  low,  which  is  a  linear  elastic 
Illative  equation,  is  used  for  convenience  to  the  nuaerical  nethod 


-strain  curves  vith  elastic  deformtion  of  soil 
le  nonlinearity  net  only  volumtric  deformtion  hut  ahaaring 
itioa.  This  nonlinearity  also  appears  to  that  of  the  oaaposite  soil 
asm  m  anil.  So.  following  equation  was  chosen  ss  sa  elastic 
stitutim  equation  for  the  ooaposite  soil,  which  had  bean  proposed  by 
foahlgechi i4)sa  eaaaple  of  elastic  one  for  soil . 


(4.17) 


p,.  0  .  a  and  N  are  mterial  constants' .  6„  is  Kronecker  a 
delta.  o,|  is  dev  ia  tone  a  tram.  Tha  first  tarn  of  the  right  side  of  this 
ition  repreemts  the  elastic  volumtric  deformtion  and  the  second 
of  that  does  tits  shearing  deformtion.  It  is  the  ahor teasing  of  this 
equation  that  can't  to  describe  the  difference  of  elastic  behaviours 
between  extension  and 


3)  Elasto-plastic  constitutive  equation 

Strain  cti  (or  strain  inermant  dr,/  )  is  usually  aasmed  as  the 
of  elastic  strain  c?,  (or  dd,  )  and  plastic  strain  d<  (or  def/  ). 


c.>  *  +  Cf/ 

dc,,  «  dd,  +  def/ 


(4. 100) 
(4.16b) 


Plastic  strain  inermant  in  aq.  (4.6)  and  elastic  strain  inermant  in 
aq.  (4.17)  apply  to  thorn  of  in  eq.  (4.18b)  to  derive  an  elasto-plastic 
constitutive  equation  of  coupon its  noil. 

Than,  tbs  following  elasto-plastic  constitutive  equation  was  given. 
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dt*»*  <£»}*(  + 


_ -p-  t  ^ 

(dF/dcf  )(dp/dp)+  (dF/dcf ) (dp/dr  )^o,,  dOki 


(4.19) 


itiri  c;)t<  is  an  alaatic  constitutive  tanaor  given  by  eq.  (4.17).  Uaually. 
Um  aatrix  expression  of  thia  equation  ia  uaed  to  the  investigation  of 
Lha  general  atreaa-atrain  relationahipa  and  the  nunerical  analyses  of 
three  diaansional  deforeetion  problena. 

4)  Examples  of  stress -strain  curve  calculated  by  this  equation 

Elasto-plastic  constitutive  equation  for  single  loading  processes, 
extension  and  compression,  van  taken  by  above  discussions.  Examples  of 
stress-strain  curve  in  compression  process  were  calculated  from  these 
aqustioas(eq.  (4. 15).  <4. 16) ).  The  calculation  of  these  curves  sere  used  to 
the  atanrical  integration.  The  procedure  van  as  follows.  Stress  increment 
van  calculated  by  the  given  plastic  strain  increment.  Then,  elastic 
strain  increment  and  strain  increment  were  estimated  by  this  stress 
increment.  These  process  were  repeated  since  to  taka  the  certain  value  of 
stress  or  strain. 

As  given  in  Fig. 7  the  stress-strain  curves  varied  those  fores  by 
the  values  of  'material  constants*.  Those  aaterial  constants  were  shown 
in  Table  I .  These  curves  could  be  approximated  by  the  power  function, 
which  was  similar  to  the  experimental  results  as  shown  in  eq. (2. 1). 


Table- I .  aaterial  constants  used  to  the  calculation 


Fo 

0  2. 

P ,  0.2. 

l 

1.0. 

m 

1.0. 

a  0.03. 

H 

0.5. 

n  0.01. 

a 

0.01. 

a  0.001 

Pr 

0.5. 

N  1.0. 

0.1, 

ct. 

0.2 

<curve  A ) 

0.5 

i  curve  B> 

0.1 

(curve  C  > 

by  tbs  elaato-plaatlc  constitutive 
aquation 


S.  Concluding  remarks 

After  the  qualitative 
sisulation  was  treated.  an 
elasto-plastic  model  for  the 
oampoaite  soil  was  introduced  and 
examined  its  behaviours  as  a 
first  step  to  estimate  the 
influence  of  root's  effect  on  the 
traffioability  of  low  ground 
contact  pressure  vihicles.  An 
example  of  the  constitutive 
equation  derived  by  this 
elasto-plastic  model.  Vhile  the 
composite  soil  has  vide  range  of 
mechanical  properties.  the 
elasto-plastic  models  have  to  be 
disciawad  case  by  case.  Further 
the  efforts  may  be  neoassary  that 
to  asks  clear  the  relationships 
between  the  mechanical  properties 
of  oomposite  soil  and  the 
traffioability. 


1200 


reference 

1)  Karafiath  L.  L.  and  E.  A.  Nowatzki:  Soil  Mechanics  for  off-road 
vihicle  engineering.  Series  on  Rock  end  Soil  Hech.,  1878.  TRIMS  TBCH 
S.A.  Qarnany 

2)  Hasani  Ueno  Elaato- plastic  studies  on  rioe  seedling  eat (in  pr intins ) 

3)  Drucksr.  0.  C. :  Sous  iaplicetioos  of  work  hardening  end  ideal 
plasticity.  Quart.  Appl.  Math..  Vol.7,  No. 4.  41 1 -458.  I960 

4)  Hashiguchi  K.  end  H.  Uano:  Elaato  plastic  constitutive  lews  of 
granular  Materials.  Proc.  of  9th  1C99E.  Session  9.  73-62,  1977 

5)  Schofield  A.  N.  and  C.P.  ttroth:  Cri  .ioal  SUta  Soil  Nachanics.  1908. 
Mcgraw-Hill 

6)  Rosooe  F.  H.  A.  N.  Schofield  and  C.  P.  (froth:  Ob  the  yielding  of 
soils.  Oaotach..  Vol.8.  No.2,  22-53.  1958 

7)  Roecoe  F.  H  and  A.  N.  Schofield:  Yielding  of  clays  in  states  wetter 
than  critical.  Qaotech  .  Vol.13.  No. 3.  211-240.  1963 

8)  Rosooe  F.  H.  and  H.  8.  Foorooshaab:  A  theoretical  and  aaperiaantal 
study  of  strains  in  triaxial  ooapreaeion  lasts  on  noraally 
consolidated  days.  Oaotech..  Vol.13.  No. I.  12-38.  1963 

9)  Bur land  J.  8. :  The  yielding  and  dilation  of  clay.  Cor res.  Qaotech. . 

Vol .  13.  No  3.  211-214.  1965 

K 


AD-P004  395 


1201 


SOIL  BIN  FACILITIES: 


CHARACTERISTICS  AND  UTILIZATION 


R.  D.  Wismer 

Deere  &  Company  Technical  Center 
Moline.  Illinois 
USA 


abstract 

l 

The  results  of  a  survey  of  soil  bin  facilities  worldwide  are  summarized.  Char¬ 
acteristics  and  capabilities  of  the  soil  bin  facilities  are  cited  as  well  as  types  of 
soil-machine  tests  performed.  Research  emphasis  of  the  laboratories  is  dis¬ 
cussed.  This  paper  should  serve  as  a  valuable  reference  to  soil  dynamics  spe¬ 
cialists  by  providing  a  list  of  soil  bin  facilities  worldwide,  their  locations,  principal 
investigator,  and  plans  for  future  research  activities. 


INTRODUCTION 


The  development  of  science  and  its  application— engineering— is  very  much 
dependent  upon  the  availability  and  capability  of  physical  experimental  facilities. 
Without  carefully  controlled  observations  of  important  phenomena,  theories 
cannot  be  evaluated,  modified  and  evolved.  Thus,  one  measure  of  an  engineering 
science,  such  as  terrain-vehicle  mechanics,  is  the  number  and  capability  of  ex¬ 
perimental  facilities  in  use.  These  facilities  include  both  laboratory  installations 
and  field  test  equipment.  Laboratory  facilities  that  support  soil  machine  inter¬ 
action  studies— soil  bins— were  the  subject  of  an  international  survey  conducted 
m  the  summer  of  1983.  Researchers  worldwide  were  contacted  to  determine 
the  number  and  capability  of  soil  bin  facilities  around  the  world.  The  results  of 
this  survey  are  summarized  in  this  paper. 

LOCATION.  STAFF  AND  GENERAL  CHARACTERISTICS 

A  total  of  36  soil  bin  installations  have  been  located  in  1 2  countries  possessing  a 
total  of  90  soil  bins  of  varying  geometry  and  sophistication  (Table  1).  Two-thirds 
of  the  soil  bin  facilities  are  located  in  universities  with  the  remainder  in  technical 
institutes  except  for  three  soil  bin  installations  that  are  operated  by  commercial 
firms.  All  the  commercial  soil  bins  are  located  in  North  America.  Approximately 
80  percent  of  all  the  soil  bins  are  "indoor'*  but  only  about  one-third  of  these  have 
air  temperature  or  humidity  control. 


A  total  of  185  engineers  and  96  technicians  operate  the  soil  bin  facilities  reported. 
As  shown  in  Table  1 .  the  distribution  of  the  number  of  engineers  and  technicians 
among  soil  bin  installations  vary  widely  with  one  or  two  per  installation  being 
most  common.  On  the  average,  the  facilities  have  one  technician  for  every  two 
engineers.  Complete  addresses  of  the  soil  bin  installations  and  the  names  of  the 
principal  investigators  are  presented  in  the  Appendix. 

•OIL  BIN  GENERAL  CHARACTERISTICS 

The  geometry  of  soil  bins  reported  is  presented  in  Table  2.  Ah  hough  considerable 
variability  is  apparent  among  the  soil  bin  dimensions,  some  dimensional  sizes 
predominate  Considering  only  the  principal  soil  bin  of  each  installation  a  mean 
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length  of  22  motors,  width  of  2  motors,  and  depth  of  approximately  0.8  motors 
results.  The  median  values  for  these  principal  dimensions  are  20  meters,  1 .6 
meters  and  0.6  meters,  respectively.  There  is  a  high  incidence  of  the  larger  soil 
bins,  that  is  length  greater  than  20  meters,  being  of  an  outdoor  type. 

Test  speeds  also  vary  over  a  broad  range  with  a  mean  maximum  speed  of  2.5 
meters  per  second.  Minimum  speeds  are  predominantly  in  the  0  to  0. 1  of  a  meter 
per  second  range.  A  maximum -to- minimum  speed  ratio  of  25  or  greater  pre¬ 
dominates.  The  median  values  for  maximum  test  forces  are  approximately  10  kN 
for  vertical  and  fore-and-aft  forces  and  less  than  5  kN  f or  lateral  force. 

Functional  test  cepebilities  of  the  soil  bin  facilities  are  also  presented  in  Table  2. 
Tillage  is  the  most  common  functional  test  capability  with  more  than  two-thirds 
of  all  laboratories  possessing  this  capability.  Wheel  traction  is  the  next  most 
common  test  capability.  It  is  quite  apparent  that  many  laboratories  are  solely 
dediceted  to  either  tillage  or  trection  testing.  Only  six  laboratories  possess  the 
capability  of  testing  aarthraoving  devices. 

TEST  SOILS 

Characteristics  of  the  soils  used  in  the  soil  bins  are  given  in  Table  3.  A  broad 
variety  of  soils  are  reported,  ranging  from  heavy  days  to  sands,  with  loams  the 
most  common  soil  type.  Moisture,  density,  cohesion,  angle  of  internal  friction 
and  cone  index  value  ranges  for  the  test  soils  are  presented  in  Table  3.  Strength 
values  appear  to  be  quite  representative  of  field  conditions  with  the  exception  of 
very  high  strength  soils.  Artificial  soils  are  used  by  six  laboratories  with  an  oil- 
sand-day  mixture  being  the  dominant  combination. 

Procedures  and  equipment  for  processing  the  soil  bin  soils  are  given  in  Table  4. 
Tilling  fallowed  by  leveling  and  compacting  is  the  moat  oommon  reprocessing 
procedure.  The  rotary  tiller,  leveling  Made  and  smooth  wheel  roller  are  the  most 
commonly  used  equipment  As  with  the  soil  type,  a  great  diversity  of  procedures 
and  equipment  are  used  in  the  laboratories. 

The  laboratories  report  using  a  number  of  soil  strength  and  condition  tests  for 
correlating  maehina  partormanca  and  for  controlling  the  preparation  of  test 
sections.  The  soil  test  equipment  is  listed  in  the  following  table  by  rank  order  of 
use: 


RANK 

SOM.  TEST 

1 

Cons  penetrometer 

36 

2 

Ring/piate  shear 

24 

3 

Gravimetric  moisture  and  density 

23 

4 

Attorbarg  limits  (liquid  and  plasMcl 

23 

6 

Triaxial  shear 

22 

6 

Piste  penetration 

22 

7 

Unoonfinod  compression 

18 

8 

Nuclear  moisture-density 

12 

• 

Tsnsils  strength 

11 

10 

vWW  Pwlv 

4 

1 


1 


TABU  3.  TEST  BOIL  PflOPEftTIES 
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TA8LE  4.  SOIL  PROCESSING  PROCEDURE  AND  EQUIPMENT 


WCEUMG  noCEOUK 

MLOMM 

Umv  CaM  lov*am 

_ 

_ 

CANADA 

McOA  Urn 

On n>  SaaRRMNawan 

Varaaata  NoMa  CuRraaron  Co 

Ipnaumanc  eempl 

TILL-  506  COMA— LEV— SO*  COMA 
COL -MAX-LEV-AAC* -WAT 

(pnaumalK  compl 

XT-SHA  AT  XOL— SARCE  XOL-SM  XOL 
SVW— SAME  HAX-SM  XOL— SAXY 

DENMARK 

Worm  Vat  S  A*  Unw 

TEL -LEV  -COMA 

XT — 0X0  SLO— VM 

federal  keauouc  of  Germany 

Tae*  UM>  at  Mu ndi 

Unn  M  Carman  Fareaa 

(LOAMKTtU— COMA-TKL-COMA 
(LOAM)— TILL— COMA 
(OESANOt-COMA 

XC-LD  AM-SWA-VM  TAMA — XOL 
OSC  XC-SOX  COMA— SM  XOL 
HAND  TAMAEK-SM  XOl 

TRANCE 

Ea*  Taa*m*aa  0  Angara 

(CLAY)-  TEL -WAT  -LEV 
(SANOt- TILL-UV 

XtA-TXKCOMA 

Xa-LEVBLO 

JAMA 

HcMaN  Unnr 

KruMwUn* 

HatlMr 

TEL— LEV— SUS  COMA-SOX  COMA 
TXX— LEVEL— COXIA— LEVEL 
TEL— SAXV— TEL— LEV— COMA 

XT— LEV  RLO-SM  XOL -LEV  RLO 

VEX  XT— LEV  SUV— SOB  AACX-VM  XOL 
XT— RAX* —XT— LEV  SLO 

THE  NETHERLANDS 

MAO 

Taah  UM>  a*  laAww 

TIL — LEV— COMA 
TAL-TXA -COMA-UV 

XT-OXO  SLO-SM  XOL 

XT — SM  XOL— LEV  SLO 

AOLAMO 

Mai  Mr  M%  Maa*  0  pan 

TAL— LEV-  SOL'  WAT 

TKL— LEV-COMA 
TEL-LSV-COMA 

XT-OXO  SLO-SM  XOL  SAXV 
XT-UV  SLO-SM  XOL 

rcartss  xeneue  or  chma 

ChMaaa  AcM  «4  Ar  Mat*  y  So 
JNnUnte  a>  TiMwtltfy 

TriRR  Xaaaara*  Mat  M  CM* 

TEL— LEV-  COMA  -MAT 
WAT— TAL — LEV— COMA — LEV 

TAL -LEV-COMA 

XT-OXO  SLO-ve  XOL — SAXV 

SAXV — XT— 0X0  SLO — VM  XOt-LEV  SLO 
XT-OXO  BLD-SM  XOL 

THAILAND 

Arnhi  Mai  at  TtnhntUfy 

tal-coma-wat 

MA-XC-SMKOL 

uwtbbkmooom 

CraMMM  Mai  a«  TaahiMMar 

NaaaaM  Mai  M  A*  (naMaana* 

Untt  atNatwaaRa  Upaa  Tyna 

Eitaliti  Mat  at  AN^mJaaraa1 
Traaapan  S  RaaS  Xaaaara*  Ub 

XXM  SOA— XSCOMA  LAVSRS 

TAL— COMA  LEV 

TEL— COMA  LEV 

RAKE— LEVEL— COMA 

TEL— COMA 

TEL-WAT-MW  COMA 

BUCKET— SLADE  SMXOL 

XT-SM  XOL — VM  XOT  CUT  SLO 
SAXOS-STMA  Ve-ALT  MS-OXD  SLO 
RMS— LEV  SLO— MS  SM  XOL 

MB  MAX-MS  SM  XOL-SM  XOL 

XT— SAXV — XT— SM  XOL 

UNmO  STATU 

CatarpNM  Tractor  Ca 

Oaatt  S  CaaMani 

UnM  al  RhnaM 

Max  Smm  Umtartay 

Kanaw  Saaa  UMtaranv 

NTMLlftSa 

NarXiCn*—  SMtaUMt 

Wn*»  SWMRHaii  Mar  S  SMM  U 

TAL— COMA 
TEL-LSV-COMA 

TAL— LEV— CONM 

TAL -LEV-COMA 
TEL-UV-COMA 

XMA  SOE— NSfEL— *MAl— COMA 
WAT— TEL— LEV— COMA 

XLL — COMA 
TEL-LSV-COMA 

XT-SM  XOL 

XT— LSV  BUT— SM  XOl 

XT— LSV  SLO— SM  XOL 

XT-LSV  SLO-SM  XOL 

XT— LSV  XLO — XM  XOL-MS  BID 

XT— SWCKST  ■  SAXAV— SM  XOL 
SAXV— XT— LSV  SLO-SM  XOL-V  XOL 

XT— SMXOL 

XT-UV  SLO-SM  XOl 

non  an  -  cultivate  mm  »  mmmom.  mu  •  wn.  lev  -  level.  smv  •  mu*  com*  ■ 


•  9Um ACt  MM  -  XSMOVE.  *M  XOL  •  SMOOTM  ROLLXX.  XT  •  ROTMrr 

x  blase  «««■  mmaimo  noun,  x»  •  man  lo  m*  -  uxo 

•  ROT  ANY  CULTIVATOR.  ALT  MR  -  PLATE  VRAATO* 


The  laboratories  war#  also  aurvayad  concerning  tha  primary  toil  measurement 
for  control  of  teat  section  preparation.  Tha  raaponaaa  to  this  quaatton  indicatad 
thraa  principal  Mats  ara  used:  cona  penetrometer;  moisture;  and  density;  with 
soma  laboratories  using  tha  triaxiai  shear  and  Bavamatar. 

TMJLAOC  TEST  PACHJTKS 

Tha  tillage  teat  capability  of  tha  reported  mM  bin  facilities  is  presented  in  Table  5. 
Twenty-six  laboratories  reported  s  tillage  test  capability  and  21  of  these  can  test 


TABLE  8.  TILLAGE  -  MAXIMUM  TEST  CAPABILITIES 
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passive  tools,  1 2  powervd  tools,  and  9  both  passive  and  powered  tools.  The 
mean  of  the  maximum  width  test  capability  for  passive  tillage  tools  was  80  cm 
with  a  median  of  50  cm.  while  the  mean  maximum  depth  was  41  cm  with  a 
median  of  30  cm.  The  typical  maximum  draft  force  capability  for  passive  tools 
was  10  kN.  The  powered  tillage  tool  test  capabilities  were  predominantly  hori¬ 
zontal  shaft  test  facilities  with  six  vertical  shaft  test  facilities.  The  maximum 
torque  test  capability  was  nominally  350  Nm  at  speeds  between  300  and  1000 
rpm.  Diameter,  width  and  depth  of  powered  tillage  test  facilities  are  also  pre¬ 
sented  in  Table  5. 

TRACTION  TEST  FACILITIES 

Twenty  soil  bins  reported  wheel  traction  test  capabilities,  six  track  and  five  lab- 
ontones  had  both  wheel  and  track  facilities.  The  maximum  wheel  and  track  test 
dimensions  and  forces  are  presented  in  Table  6  for  the  laboratories  reporting. 
The  wheel  test  facilities  had  a  mean  maximum  diameter  of  101  cm  with  a  me¬ 
dian  of  00.  A  corresponding  mean  maximum  wheel  width  was  38  cm  with  a 
median  of  30.  Maximum  vertical  load  capability  for  wheel  tests  varied  from  0.3 
kN  to  in  excess  of  50  kN  with  similar  values  for  maximum  draft.  The  more  limited 
track  test  facilities  can  test  tracks  of  a  nominal  length  of  150  cm  and  width  of 
30  cm.  Vertical  and  draft  loads  for  track  tests  varied  over  essentially  the  same 
range  as  for  wheel  tests.  Essentially  all  the  wheel  and  track  test  facilities  could 
tet  both  powered  and  unpowered  elements.  Approximately  one-half  of  die  facil¬ 
ities  could  conduct  program-slip  and  program-load  tests  as  well  as  constant 
variable  tests.  Program-draft  capability  was  more  limited  with  only  eight  wheel 
facilities  and  one  track  facility  possessing  this  capability. 

EARTH  MOVING  TEST  FACILITIES 

Earthmoving  test  facilities  were  the  most  limited  functional  test  capability  re¬ 
ported  by  the  sod  bin  laboratories.  Only  six  facilities  possessed  the  capability  to 
test  one  or  more  earthmoving  devices.  A  summary  of  the  maximum  Mat  capa¬ 
bilities  of  these  laboratories  is  presented  in  Table  7.  The  maximum  test  dimension 
of  these  facilities  was  limited  to  approximately  100  cm  with  bucket  volumes  of 
about  0.1  of  a  cubic  mater.  The  range  of  scale  ratios  used  for  model  testing  of 
earthmoving  devices  range  from  1:5  to  1  20  with  1  5  being  the  most  common. 

RESEARCH  TRENDS 

Utilization  of  the  soil  bin  facilities  is  impressive.  A  combination  of  research, 
design  and  teaching  predominate  in  the  utilization  of  the  reported  facilities.  Only 
two  of  the  38  soil  bin  facilities  are  described  as  “ inactive “  by  their  principal  in¬ 
vestigator.  The  major  emphasis  of  all  the  laboratories  was  on  the  conduct  of 
soil-machine  research  that  directly  impacts  the  design  of  machines.  The  educa¬ 
tional  value  of  the  laboratories  appears  to  bo  concentrated  in  the  training  of 
graduate  students  within  the  overall  research  effort.  Only  one  laboratory  reported 
a  “teaching  only*  function,  and  only  three  laboratories  reported  an  "approval  or 
official  tasting"  of  manufactured  products  function.  The  heavy  emphasis  of  the 
laboratories  on  design  appheetion  m  eooouragmg  considering  die  short  term,  but 
dtoooncerttng  far  the  long  term. 

The  range  of  research  subjects  addressed  by  the  laboratories  Is  Impressive.  The 
traditional  subjects  of  wheal  and  track  traction  efficiency,  tillage  mol  shape  and 
force  relations,  oscillating  and  powered  tool  performance,  and  soil-machine 
modeling  were  all  cited  for  past  and  future  research  efforts.  Some  more  unusual 
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research  subjects  rsportsd  are:  rimless  wheel;  boet-type  tillage  mechine;  soil 
reinforcement;  end  soil  snehors.  Soil  models  for  soil-machine  systems  were  siso 
the  subject  of  reeesrch  efforts  including  critics!  state  soil  mechanics  principles, 
cydoidic  properties  of  soils  snd  two-  and  three-dimensional  finite  element 
models.  Many  studies  of  seed  planter,  grain  drill,  and  fertilizer  applicator  perfor¬ 
mance  and  optimization  ware  reported. 

Regional  emphasis  was  found  in  many  of  the  research  efforts  reported.  European 
and  Asian  laboratories  concentrated  on  rotary  andosciflitory  tillage  studies.  Asian 
laboratories  also  emphasize  studies  of  rice  paddy  tillage  and  traction.  North 
American  laboratories  reported  numerous  studies  of  soil  compaction  causes  and 
effects. 

The  single  most  common  factor  present  in  all  the  soil  bin  laboratories  was — 
enthusiasm.  The  response  to  this  survey  was  strong  and  indicated  pride  snd  de¬ 
termination  among  the  practitioners  of  a  very  special  engineering  science — 
terrain-vehicle  mechanics.  This  is  undoubtedly  our  greatest  strength  and  bodes 
well  for  the  beneficial  future  uee  of  the  soil  bin  facilities  reported  in  this  paper. 
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PROPERTIES  Of  DESERT  SILTY  SOIL  IN  RELATION  TO  VEHICLE  NOBILITY 


ABOfl-PATTAH  A.  YOUSSEP 

ASSOCIATE  PROFESSOR  OF  CIVIL  EN6.  KINO  SAUD  UNIV,  RIYAOH,  SAUDI  ARABIA 


Summary  -  Desert  soils  covering  wadis  (valleys)  as  nail  as  saw  1 1  hills 
in  tha  wadis  ara  fonaad  from  silty-sand  soils.  A  significant  part  of 
thasa  soils  ara  wind  blown  sad I Hants  and  My  ba  classified  as  loass.  In 
this  study.  It  was  found  that  tha  soli  In  tha  wadis  contains  varying 
awounts  of  clay,  gypsun  and  salty  Materials  which  act  at  a  binder  between 
tha  soli  particles.  In  their  dry  state,  thasa  soils  ara  brittle,  porous 
and  sensitive  to  Moisture  and  deformation.  Laboratory  examination  of 
thasa  soils  showed  that  they  lost  most  of  their  bearing  resistance  and 
shear  strength  upon  wetting  or  deformation.  Tha  reduction  In  bearing 
resistance  and  shear  strength  for  those  sells  was  Investigated  using  tha 
plate  leading  test,  tha  cone  penetration  test  and  tha  direct  shear  tast. 
Tha  decreases  for  bearing  resistance  and  shear  strength  ware  found  to 
vary  slgnlf Icantly  and  at  times  reached  close  to  90  percent  of  tha  values 
found  In  their  dry  and  undisturbed  state.  In  addition  tha  corresponding 
reduction  In  t raff I cab II Ity  parameters  ware  analysed  based  on  the  reduc¬ 
tion  of  soil  strength  due  to  watting. 

INTRODUCTION 


Nobility  design  and  traff Icablt Ity  prediction  require  complete  Informa¬ 
tion  concerning  vehicle  supporting  elements,  supporting  soli  properties 
and  other  terrain  characteristics.  In  their  analysis  mobility  engineers 
usually  depend  upon  the  results  obtained  from  quick  and  simple  field 
tests.  These  simple  field  tests  can  ba  performed  using  plate,  cone  and 
vane-cone  devices  fl,  2  I  )].  The  data  obtained  from  thasa  tests  are 
useful  to  represent  the  soil  traff Icabll Ity  resistance  for  a  short  period 
of  time  only,  where  the  eol 1  condition  Is  not  affected  with  water  or 
external  loads,  and  where  tha  vehicle  speed  Is  relatively  low. 

The  soil  Is  a  throe  phases  material  and  is  usually  classified  by  diffe¬ 
rent  categories  depending  upon  grain  slaa  and  material  constituents,  soli 
strength  pe rows tars  end  sell  behaviour.  Those  sell  properties  and  para¬ 
meters  posses  different  degrees  of  sensitivity  to  changes  In  both  soll- 
motsture  content  and  sppl Icetlon  of  traffic  load  which  stmul tanaously 
compresses  amd  shear  the  soil.  Such  sensitivities  should  ba  Included  In 
any  rational  analysis. 

Relation  between  factors  affecting  self  shear  pa roasters,  soil  properties 
and  vehicle  carrying  elements  Is  thus  essential  and  should  bo  developed, 
fart  of  ibis  relation  nay  ba  atssmptlshed  through  Identifying  tha  actual 
sell  behaviour  and  sail  strength  sensitivity  to  tha  region  meteorological 
conditions. 

The  Middle  last  dasart  area  Is  In  general  characterised  by  high  tempera¬ 
tures,  antransfy  variable  tumidities,  hi#  preparation  rata  and  law 
anmaal  precipitation  (b).  In  such  a  large  area  and  verMfte  sand  It  Ians 
and  due  to  the  continuously  changing  facRprs  such  as  wtnf  eras  ten  and 
hesrtdlty  sertatten  It  Is  difficult  te  synthesise  ground  eeadtttuas  far 
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Mobility  engineering  purpose*.  The  desert's  genera)  topography  Is  donl- 
noted  with  terrain  characteristics  slnllar  to  those  illustrated  in 
Figure  I.  however  In  several  Middle  test  desert  locations  certain  uni¬ 
fication  of  conditions  nay  be  imposed  by  the  overall  climatic  regime  [4]. 
Such  a  climate  has  been  conductive  to  particular  form  of  erosion,  with 
a  dominance  of  mechanical  weathering  In  the  highland  which  supplies 
coarse  debris  that  Is  than  transported  by  occasional  streamflood  to  the 
low  land.  In  the  direction  of  the  low  land  the  fine  sediment  Is  trans¬ 
ported  by  wind  as  wall  as  by  water.  Through  evaporation  there  Is  a 
general  upward  leaching  and  surface  precipitation  of  salts  and  other 
soluble  bonding  materials.  The  ground  surface  is  therefore,  common iy 
covered  with  granular  alluvial  sadlnents,  usually  without  hiatus,  and 
often  saline  In  character.  Figure  2  shows  a  cross-section  for  a  desert 
deposition  formed  by  wind  and  flash  floods. 

The  cross-section  along  high  and  low  desert  land  (Figure  2)  Illustrates 
the  type  end  distribution  of  soils  In  the  vertical  and  longitudinal 
directions,  specially  In  the  surfactal  layer  which  Is  Important  for 
trafflcabll Ity  estimation.  The  soli  formation  near  the  high  land  area 
(Zone  1)  Is  composed  of  angular  gravel,  sand  particles,  boulders  and 
cobbles  at  higher  slopes,  grading  bo  fine  gravel  and  sand  at  down  slopes. 
In  this  aona  the  soil  occur  In  rough  layer  and  are  reasonably  compacted 
and  hence  usually  have  good  load  bearing  characteristics  except  where 
occasional  silt  or  clay  layers  or  debris  flow  material  occur.  In  soma 
local  areas  of  this  none  the  ground  roughness  nay  be  sufficient  to  form 
different  degrees  of  traff Icabll Ity  obstacles.  Zones  2  and  3  ere  com¬ 
posed  of  finest  and  farthest  travelled  sediments  •  wind  blown  slits  and 
sands.  Significant  parts  of  these  two  cones  ere  covered  with  a  layer 
of  dry  bonded  soil  sediments.  The  depth  of  this  layer  Is  varied  from  1.0 
to  8.0  mater  or  more  depending  upon  the  location  of  the  ground  water 
table.  In  most  cases  the  bonding  materials  ere  soluble,  deposits  near 
the  coast  nay  often  be  partially  or  completely  cemented  by  carbonate  or 
sulphate.  This  soil  Is  known  as  Sabkha,  Figures  2,  )  and  4. 

Thus  based  on  the  above  discussion  It  could  be  realised  that  the  major 
mobility  engineering  problems  that  these  desert  conditions  can  give  rise 
to  are: 

a)  Continuous  or  scattered  obstacles  formed  by  noun  tat  mows  areas, 
local  ground  roughness,  sand  dune,  . ...  etc. 

b)  deduction  of  sell  bearing  resistance  and  ether  engineering  pro¬ 
perties  *ia  to  the  lees  of  bonding  strength  i#eo  sell  matting. 

This  study  la  mainly  concerned  with  investigating  the  less  In  sell  bear¬ 
ing  resistance  open  wetting  In  Its  relation  be  traff leebtt tty  predict ten. 
This  has  been  achieved  eager  Inantally  by  Investigating  the  dry  ee II 
strength  end  tbs  wet  tell  gtreagth  going  the  plats  landing  test,  the  eons 
pens tret l an  test  sad  the  direst  shear  teat.  - 


In  thfs  stud 
the  Arabian 


My  fear  sail  Mamie#  were  eellettad  fa*  different  tineas  in 
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FI#.  1.  Schematic  diagram  show  Inf  Hurt 
p rave I  I  Inf  terrain  itarKttrlitlci 


^9*  3.  5ibkh*  distribution 
on  the  west  coast 
of  Saudi  Arabia  f5] 


flfl.  A.  Salt  distribution 
in  Sabfcha  soil  and 
correspond  I  ng  soil 
strength  (5] 
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gradation  curves  of  the  four  selected  samples  where  these  soils  are 
classified  as  Sh  and  $M  with  some  gravel  according  to  the  Unified  Soil 
Classification  System.  The  soil  contains  an  average  of  0.5  percent  of 
gypsum  material.  The  loss  in  soli  shear  strength  due  to  the  increase 
in  soil  moisture  content  and  the  corresponding  sensitivity  of  the  soil 
bonding  system  are  tested  and  discussed. 

SOIL  PERFORMANCE  US  INC  PUTS  AMD  COHE  PENETMTIOW  TEST 

The  first  three  samples  of  soils  shown  in  Figure  S>  samples  (1),  (2)  i 
(3)  are  tested  for  both  dry  and  wet  conditions  using  cone  penetrometer 
device  of  30*  apex  angle  and  28.6  mm  dianetar.  The  soil  dry  densities 
are  chosen  to  vary  within  the  actual  field  density  range.  Also  the 
effect  of  rate  of  penetration  Is  partially  investigated  to  explain  the 
effect  of  vehicle  operation  ovar  such  types  of  soils. 

For  these  types  of  soils  the  cone-penetration  test  results  are  presented 
in  Figures  6,  7  and  8.  Under  natural  dry  conditions,  the  soil  Is  found 
to  behave  as  a  normal  compressible  material.  The  relationship  between 
the  dry  density  and  the  cone  penetration  resistance  may  likely  possess 
threshold  strength- density  point  be I ow  which  the  soli  behaves  in  a  more 
compressible  manner.  For  a  real  undisturbed  soil,  the  soil  may  show  a 
little  higher  initial  cone  resistance  than  that  shown  In  the  above 
figures.  Then  after  this  Initial  stage  the  soil  performance  will  even¬ 
tually  be  the  same. 

As  moisture  content  changes  from  6  to  10-128  (that  Is,  from  6  to  88  mois¬ 
ture  increase),  the  soil  may  initially  gain  a  little  penetration  resis¬ 
tance  due  to  apparent  shear  cohesion,  then  it  gradually  loses  some  of  its 
penetration  resistance.  The  decrease  in  cone  penetration  resistance  have 
reached  608  for  soils  I  and  2  and  638  for  soil  3- 

Soil  may  also  lose  most  of  its  penetration  resistance  upon  disturbance. 
This  Is  shonei  clearly  In  Figures  6,  7  and  8.  As  soils  (I),  (2)  and. (3) 
were  disturbed  to  Its  minimum  dry  density  16.0,  13.5  and  13-5  kh/m,  the 
pressure  losses  were  In  the  order  of  908,  758  and  888  respectively. 

For  more  understanding  of  the  soft-moisture  relation  phenomenon  in 
relation  to  traff I cab 1 1 Ity  prediction,  sell  (6),  Figure  5  was  tested  in 
dry  and  soaked  (or  flushed)  condition.  The  water  was  flushed  In  a  way 
that  ensures  at  least  708  saturation.  Plata  and  cone  penetration  tests 
were  conducted  on  both  natural  dry  and  soaked  soils  and  the  results  are 
given  in  Figures  9  through  12.  In  these  tests  the  soil  dry  densities 
were  controlled  within  a  range  of  16.6  to  18.6  kN/aP.  To  achieve  this, 
the  soil  bonding  property  may  have  been  affected  and  this  may  have  In¬ 
fluenced  the  actual  soil  behaviour. 

The  variation  In  the  cone  penetration  resistance  shown  In  Figures  9  and 
10  is  obvious.  The  penetration  resistance  for  soils  with  1 8 . 6  kN/m3  den¬ 
sity  was  found  tw  be  9  times  higher  than  that  for  soils  with  density  of 
16.6  kK/m*.  After  soils  are  flushed  with  water  and  the  moisture  content 
increased  from  6  to  16-298  (average  degree  of  saturation  is  758)  the 
soil  cone  penetration  resistances  for  all  soli  densities  were  signifi¬ 
cantly  reduced. 


i  resistance-penetration  relations  for  different  penetration  speeds 
different  dry  densities  -  soil  (I) 


Fig.  10.  Com  rMliUMt  #ry  0ms I ty  rotations 
for  Ory  an*  flmOaO  sol  I  an*  ttw 
corrosfOnOinfl  prosswro  too#  -  toll  (0) 
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(•)  Mat*  pr«tsur«>s I nkase  relations  for  natural 
and  flush  soil  -  square  plates  -  soil  (4) 


I 

\ 


M 


Flat*  press  w«pslafcaao  re  let  lens  for  natural 
and  flush  sol  I  -  hectanpuler  plates  •  sol  I  (4) 


fl».  II.  Mata  pressure  -  si shape  relation  - 
ydry  .  15.2  k*/»3  -  soil  (4) 


! 


(a)  Mato  praaswra-alafcata  ralatlaaa  far  aataral 
mi  flMhatf  Mil  -  ajaara  alaaaa  -  aali  W 


Mt.  12.  Mata  praawtfatlakata  ralatlan  - 

T4ry«i;.fMy*Hnm 


Figure  It  iMwrlnt  the  mm  penetration  Mat  results  for  these  two 
(•Mi;  con*  *on*t ration  mlitMCM  for  natural  dry  soil  with  different 
dry  dene  I  ties;  and  cane  aeeetretien  resistances  for  soaked  soils  with 
different  dry  densities.  In  both  cases  the  cone  penetration  resistance* 
dene I ty  re let lens  skew  threshold  deeslty  values  of  IS. 9  and  17. S  kH/nJ 
for  dry  and  seabed  sells  respectively.  Below  these  threshold  values  the 
InprovesMnt  In  the  soil  strength  is  very  non  Inal  .and  above  which  the 
leprova—nt  In  the  soli  strenfth  Is  very  significant  and  nay  exhibit  a 
linear  relationship.  The  loss  In  cone  penetration  resIstanMS  due  to  water 
soaking  Is  datenelned  in  the  above  figure  end  was  found  to  be  in  the  order 
of  l$t.  The  highest  reduction  value  was  found  to  be  about  Nt  at  the 
threshold  points. 

The  soil  cone  penetration  res I s tenca  loss  ware  determined  from  the  follow* 
ing  relationship; 


whare 

•  •  cona*penatratlon  resistance  loss,  X 

Clrf  -  cone -penetration  resistance  for  a  natural  dry  soil 

Cl,  ■  cone -penetration  resistance  measured  for  flushed  soil 

The  place  load  casts  wans  conducted  an  two  chosen  sails  with  predetermined 
dry  densities  15.2.  17.6  MMn*.  These  salts  wans  tasted  In  dry  and 
flushed  conditions  by  using  two  sets  of  plates  with  different  si  set. 

The  plate  loed  tests  were  cerrled  under  a  slow  penetration  rate  5  an/mln, 
and  the  plate  preeeure-slnhage  relationship  it  dotermined  ae  shown  In 
Figures  II  and  12.  Fran  theaa  two  figures  the  plate  penetration  resis¬ 
tance  can  ba  easily  compared  far  natural  dry  end  seabed  sell  conditions. 
Analysis  of  these  tact  results  may  indicate  net  only  the  significant  lass 
In  toll  strength  after  the  sail  Is  flushed  with  water  but  also  the  change 
in  soil  behaviour.  The  average  pressure  losses  ware  found  to  be  as 
follows: 

(a)  For  soil  with  dry  dttwlty  of  15.2  kMAn*,  the  eve  rags 
pressure  less  Is  751 

(b)  For  sell  with  dry  density  of  I7«4  kh/m*,  the  average 
pressure  loss  Is  901 

However  there  are  soma  differences  between  the  pressure  lass  values  mea¬ 
sured  by  cone  and  plata  lead  tests;  the  average  value  nay  still  be  the 
sans.  Also,  In  general  such  a  significant  bearing  pressure  less  reflects 
the  importance  of  this  study. 
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AWALVtH  AM  bldCMIf 

Im*4  «n  At  tut  r«wl  ts  and  the  «wp— »1»|  4  Items  ion  It  Is  now  el  Mr 
that  tho  Ims  In  dsMrt  soil  Mar  tat  resistance  will  affect  veil  lei  a  no¬ 
bility  over  sock  a  sail.  To  ovaluata  dlls  loos  the  sal  I  strength  values 
for  no  Cera  I  dry  ad  wat  soils  ware  determined  eslng  tKree  slate  toad- 
sinkage  foreulaa.  The  bskhsr  plate-sink age  aoastlon  (I)  Is: 

*  •  (S  ♦  T  >  (z|"  <*> 

where  f  ad  Z  ara  plate  pressure  ad  sinkage  raspactl valy  aid  Kg,  1^  aid 
n  ara  soil  strength  valaas.  The  Nasal  p la ta-pr assure  equation  [I]  Is: 

'  •  *i  *  S  J  «» 


where  f  Is  soli  pressure;  tj  aid  K1  ara  soli  strength  values  aid  S,  A 
ara  plate  par  law  tar  and  area  respectively.  Aid  the  author's  plata-slnkaga 
aquation  (7]  Is: 


>•(«,♦  <&"  «*» 

where  t  -  Mil  pressure;  Z  -  plate  sinkage;  k  •  plats  width;  A  -  plate 
area;  S  ■  plate  pertaaitar  and  Kj ,  K^,  n  *  sell  shMr  value. 

The  Mil  shMr  strength  parameters  C  and  •  were  detanalned  free  direct 
shMr  Met.  The  detanalned  Mil  bMrlng  strength  values  and  the  detanslnad 
shMr  strength  parwmtars  ara  swaaairlaad  In  tahle  (I),  for  natural  dry 
and  flushed  Mils. 

The  offMt  of  changes  la  Mil  bearing  sol  ms  and  Mil  shMr  strength  para- 
Mters  m  the  rdwel  notion  resIstanM  and  wheel  traction  fenaula  (egea- 
tloM  5  and  4  developed  by  behher  {l])for  die  mtoral  dry  Mil  and  the 
flushed  or  wat  Mil  can  be  aMlly  detarnlaed  and  Is  presented  as  fallows: 


where  i  •  nation  resistance;  N  a  nan  team 

•  ■  whMt  diameter i  b  •  wheel  width;  L  ■ 
whoal  slip  and  K  •  slip  amaff (slant. 


Mil  thfMtt  V  a  WhMt  load; 
whMt  eoetact  length;  t  • 
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In  general  the  significant  decrease  of  the  soil  boaring  values  and  shear 
strength  peraneters  will  rasult  in  tha  dacraasa  of  traction  forca  and  tha 
Incraasa  In  notion  ras I  stance .  Tha  out cons  of  thesa  changes  will  be  a 
reduction  In  tha  vehicle  drawbar  pull  or  nay  causa  a  vehicle  lanoblllsa- 
tlon.  1 1  should  also  be  noticed  that  tha  soil  bearing  value  given  In 
equation  A  can  be  used  with  Bekker  analysis  [I]  to  yield  an  aquation 
slnllar  to  aquation  (5)  and  consequently  tha  sane  conclusion  can  be 
reached. 


CONCLUSIONS 


Desert  soil  can  be  character  lied  by  Its  nany  particle  structure  system 
and  Is  conposed  of  different  notariats.  In  nany  cases  It  nay  bo  desert* 
bad  as  a  brlttly  bonded  notar lal  sensitive  to  water  and  deform t ion 
actions.  Perfornad  tests  and  analyses  on  this  soil  have  lad  to  the 
following  conclusions: 

(1)  Desort  soil  classified  as  silty  sand  soli  (SM)  which  Is  sensitive 
to  both  water  and  deforaetlon. 

(2)  Desert  silty  soil  nay  lose  up  to  50t  of  Its  bearing  or  penetration 
ras I  stance  after  It  be cones  wat. 

(3)  Desert  silty  soil  will  lose  Host  of  Its  bearing  and  shaar  strangth 
If  daforaad  or  disturbad. 

(M  Desert  silty  soil  possess  threshold  density  valuas  below  which  the 
soil  is  lacking  in  strangth  and  nay  not  support  heavy  vehicles . 

(5)  For  desert  silty  soil  It  has  been  found  that  by  Increasing  the 
soil  no i store  content,  there  is  a  raductloe  in  the  soli  bearing 
values  as  deternfned  by  the  plate  leading  test  and,  In  the  shaar 
strangth  paramters,  as  detemlned  by.  the  direct  sheer  test.  This 
reduction  In  soil  strength  will  cause  a  significant  Incraasa  In 
vehicle  nation  resistance  as  well  us  a  significant  dacraasa  In 
the  aaxlnun  traction  force. 
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The  squlpam it  deecrlhed  In  this  paper  is  the  result  of  acne  33  years  of 
work  In  producing  full  trade  tractors  and  half  trade  tractors,  for  wheeled 
tractors.  All  of  the  systens  haws  bean  manufactured  and  proved  in  various 
areas.  Since  experimental  work  was  first  started,  many  different  types 
of  vehicles  have  been  equipped. 


The  original  oonoept  of  the  trade  was  to  make  a  sectional  trade  which 
linked  together;  the  drive  plate  and  the  outside  grouser  plate  were 
bolted  or  rivetted  together,  with  wire  rope  loop  arrangement,  outside  rub¬ 
ber  moulded  pads.  This  elisdnated  ocwpletely  the  hinge  pin  operation 
since  the  bending  moment  an  the  track  was  entirely  taken  through  the  rubber 
anclossd  wire  rope  system  and  lengthening  or  shortening  the  trade  was 
dependent  on  the  number  at  track  pads  sployed. 


This  type  of  track  was  used  continually  for  about  20  years.  Its  main 
wmknem  was  found  to  bo  in  the  fact  that  puncture  or  leakage  could  occur 
in  the  notarised  wire  rope  and  water,  especially  sea  water,  could  enter 
at  thoaa  punctures  and,  eventually,  cause  failure,  by  meting. 


At  this  point,  a  search  was  undertaken  for  a  median  which  had  sufficient 
tensile  strength  to  txanmdt  »  at  ip  to  200  HP  and  had  not  the  aulous 
disadvantage  of  rusting.  The  eventual  autocam  of  this  ggeoarch  was  the 
devalin—*  of  rayon  and  nylon  woven  baits.  The  weaving  of  those  belts 
was  designed  to  give  tranevaraa  as  wall  as  longitudinal  strength  and  was 
angle,  in  the  first  trachad  vehicle,  for  100  HP  full  tractor  on  peat  land, 
mnrnp  land,  couch  mountain  areas  and  in  all  waathara,  including  snow  and 
haamy  frost  conditions.  Althou£i  this  typs  of  trade.  In  its  triangular 
foam,  has  baan  usod  on  mumfcag  In  Canada,  X  do  not  think  it  was  aver  supp¬ 
lied  for  work  in  puma  frost  conditions  In  tha  North  at  Canada,  but,  if 
those  mtima  types  of  audition  warn  to  be  mat,  It  la  perfectly  simple  to 
obtain  tha  proper  type  of  tracking  of  mown  halt  to  dm  naqudrad  standard, 
•Inoa  these  an  acmtan  in  Canada  with  dm  ancndblls  mid,  say,  Nodwell  and 
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Bcsfcardlar.  Certainly,  it  does  not  aeon  to  be  affected  by  the  very  ser- 
loue  froet  ocndlticne,  in  the  North  of  Canada. 

A  further  ilevelnpwnl.  of  this  tracking  is  the  triangular  tracks  fitted  to 
410  vehicles  which  we  now  produce,  the  greet  advantage  we  claia  for  this 
type  of  track  and  which  has  bean  proved  in  practice,  is  the  greeter  length 
of  ground  contact  of  the  vehicle,  their  ability  to  have  hl£i  ground  clear¬ 
ance,  aelf  cleaning  properties  of  the  tracking  and  the  low  wear  which  has 
bean  attained  throu£i  eurethane  qpnocksts. 

The  general  conception  of  this  track  was  for  a  central  rocking  bar  which 
had,  at  its  axtraaitias,  either  single  or  twin  wheels  and  a  polythene  spro¬ 
cket  tfilch  fans  the  drive  on  the  Inside  of  the  track,  the  syston  allows 
oceplsta  oscillation,  in  irregular  lend  or  areas  where  ditching  haa  taken 
place  and  the  necessity  to  cross  thaea  ditches,  without  daaage,  and  has  an 
advantage  since  the  basic  oonoapt  of  the  track  is  to  reduce  ground  pressure 
end,  at  the  sea  tine,  produce  reasonable  tractive  effort.  This  arrange 
aant  has  proved  to  be  eoctmaly  good  and  is  adaptable  for  many  4*0  applica¬ 
tions. 

The  steering  of  this  egulpaant  is  the  nosaal  hydraulic  steering  attachaent 
to  the  original  steering  wheel,  ao  that  the  full  controls  of  the  vehicle 
are  free  the  conventional  steering  ttoeel.  in  fact,  steering  of  this  trac¬ 
tor  la,  if  anything,  lighter  than  the  wheeled  version. 

Another  vary  interesting  advantage  Is  that  the  torque  supplied  at  the 
ffcrocket  is  at  least  half  and  saasttaes  only  one  third  of  the  torque  which 
would  be  applied  to  the  wheels,  the  reason  being  that  the  sprocket-  arrange 
ant  is  nonelly  at  least  half  or  cna  third  lass  in  disaster,  than  the 
wheeled  version. 

It  is  attached  to  the  vrtiicla  by  the  ana  stud  eethod  as  is  used  for  wheele 
and  the  eain  el  t  act—*  to  the  undercarriage  is  a  aleple  straightforward 
bolt  systae  which  can  seedily  be  moved  and  by  moving  the  ^rnrfcet  and 
replacing  the  thesis,  the  vehicle  is  returned  to  its  original  wheeled  state. 
Hepanding  an  the  width  of  the  tractor,  the  ground  pressure  of  the  vehicle 
oan  be  rednned  to  one  pal,  and  the  construction  of  ths  oufcsids  track  clasts. 
In  standard  fom,  allows  the  vehicle  to  travel  without  dsaaga 


an 


1239 


toads,  as  wall  as  performing  In  an  outstanding  —mar  In  vary  tough  or 
swamp  terrain. 

The  Land-Rover  conversion,  shown  in  Pig.  1 ,  which  la  applicable  to  the 
Majority  of  410  tractors  has  bean  thorou£ily  tested  oust  the  last  15  years. 

The  purpose  of  this  paper  is  mainly  to  advertise  the  vary  considerable 
advantage  of  being  able  to  create  very  low  pressure  machinery  Cor  under¬ 
developed  countries,  where,  in  paddy  land  rice  cultivation,  and  transport 
problems,  it  is  necessary  to  haws  a  lower  ground  pressure  than  from  a 
wheeled  tractor  and  tills  track  application  has  a  greet  advantage  In  that 
it  is  Interchangeable,  with  the  wheeled  adaption,  tdiila  the  tdieeled  vehicle 
is  of  aone  advantage  an  herd  land  work.  Also,  the  low  ooet  of  production 
of  specialised  equliment  is  made  feasible  by  the  uae  of  already  tasted  4M> 
tractors,  thus  avoiding  the  enrtr— aly  expensive  Ltaaaitamnt  of  producing  the 
whole  machanica  of  a  new  tractor.  Standard,  prosed  4M>  vehicles  can  be 
without  strain  an  other  mechanism. 
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Ml  ALL  TERRAIN  VEHICLE  EQUIPPED  WITH  CTIS 
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/  ABSTRACT 

i] 

An  all  terrain  vehicle  designed  and  davalopad  at  North  Carolina 
State  University  in  1980  was  Modified  to  Incorporate  a  central  tire  in¬ 
flation  system  (CTIS)  composed  of  an  air  compressor,  solenoid  valves  and 
controls  to  provide  the  proper  air  inflation  pressure  to  the  powered 
wheels.  A  radar  unit  for  ground  speed /si Ip  neasurenents  was  employed  to 
detect  the  vehicle  nobility.  The  unit's  slip  data  were  erratic  and 
could  not  be  recommended  for  automatic  control  of  the  tire  inflation 
preaaure.  Conversely,  the  radar  ground  speed  outputs  were  within  +2X  of 
the  actual  measured  epeeds  and  will  be  used  in  future  circuitry  control 
of  the  CTIS. 

N 

INTRODUCTION 

Performance  of  off-road  vehicles,  such  as  skldders  and  tractors, 
depends  on  their  flotation  which  is  dependent  on  tire  sise  and  inflation 
pressure.  Resistance  to  notion  and  vehicle  mobility  are  usually  affect¬ 
ed  by  wheel  sinkage  and  tire  contact  areas  (footprints)  which  in  turn 
affect  rolling  resistance  and  tractive  effort.  Racsmarek  (1981)  report¬ 
ed  that  the  footprint  of  the  ZIL-157  military  vehicle  Increased  from 
0.04  to  0.092  ar  when  the  tire  Inflation  pressure  was  reduced  from  294  to 
SS  kPa  under  a  constant  loading  condition. 

The  use  of  a  central  tire  inflation  aystsm  (CTIS)  has  been  limited 
to  military  vehicles  (Csako,  1974)  and  has  been  widely  used  in  the  USSR 
and  Eaatern  Europe  since  World  War  II.  All  air  systems  used  on  these 
vehicles  are  manually  controlled  from  the  cab  by  the  vehicle  operator. 
Csako  (1974)  listed  31  models  using  central  tire  Inflation  systems  de¬ 
veloped  by  six  nations  from  1942-1970.  Of  these  31  vehicles,  19  are  pro¬ 
duction  and  12  prototype /experimental  models.  There  is  no  production 
vehicle  in  the  0.8. A.  while  the  08SR  has  12  models.  The  internal  axle 
slip  ring  commonly  need  on  the  production  vehicles  to  allow  the  com¬ 
pressed  air  to  eater  and  leave  the  tires  was  designed  and  developed  by 
the  0.8.  Army  on  the  MSA,  5-ton  experimental  truck. 

In  agriculture,  tire  inflation  pressure  has  been  one  of  the  most 
Important  factors  effecting  motion  resistance  and  tire  performance. 

Zomborl  (1987)  reported  a  significant  lacreaaa  in  tractive  power  efficien¬ 
cy  as  a  result  of  a  reduction  in  inflation  pressure  of  tractor  tires  at 
constant  draper  pull.  The  sans  results  were  demonstrated  in  Osaka's 
study  (1974)  an  military  vehicles  where  a  deflnlts  increase  in  vehicle 
nobility  and  drawbar  pull  was  achieved  with  central  tire  inflation  re¬ 
duction  from  240  to  103  kPa  on  loan  soil. 
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tart  and  Bailey  (1982)  reported  an  tywit  la  Ctw  tractive  effi¬ 
ciency  of  a  powered  radial  tire  equipped  with  a  CTIS ,  operating  under 
controlled  soil  bln  conditions,  by  the  selection  of  appropriate  levels  of 
Inflation  pressure  and  dynanic  load.  They  also  concluded  that  net  trac¬ 
tion  in  future  field  applications  can  be  lap roved  with  automatic  control 
of  la  flat  Ion  pressure  of  tires  and  dynaa&c  loads  on  dml  axles  for 
constant  travel  reduction  ratio  under  varied  soil  conditions. 

Crevls-JaaMS  and  Blooaa  (1982)  developed  and  tasted  a  tractor  power 
non 1 tor  to  naasure  ground  speed,  wheel  slip,  and  drawbar  pull  using  two 
Magnetic  pickups  for  ground  end  wheel  speeds  and  a  strain-gauge  drawbar 
dynnsoneter.  A  fifth  wheel  unit  was  used  to  Measure  ground  speed  on  the 
four-wheel  tractor  which  night  not  be  applicable  under  forestry  condi¬ 
tions.  The  use  of  a  radar  unit  for  ground  speed  ueasureneats  elinlnatea 
the  fifth  wheel  end  is  very  attractive  In  field  application.  Many  radar 
units  are  equipped  with  sensors  to  detect  ground  speed  as  well  as  slip 
(Tsuha,  at  al,  1982,  Richardson,  at  el,  1982).  Under  laboratory  con¬ 
ditions,  Tauha,  at  al,  reported  that  the  accuracy  of  the  ground  speed 
aeasuraneate  using  radar  units  was  +B.  Several  tractor  perforaance  Mon¬ 
itors  using  radar  baaed  true  ground** speed  eenoora  for  agriculture  and 
off-highway  equlpaant  are  available  on  the  narket  for  installation  on 
vehicles  to  nonltor  field  perforaance  and  production. 

The  great  variability  la  the  road/ terrain  conditions  represents  the 
acts  difficulty  in  the  use  of  aaanelly  operated  central  tire  inflation/ 
ground  speed  control  ay a taw.  Several  questions  are  in  order: 

1.  Bow  does  the  operator  know  that  the  tire  pressure  needs 
adjustment? 

2.  low  can  ha  interpret  the  control  console  readings  free 
the  radar  ground  speed  sensor  to  Inflation  pressure 
alteratioaf 

3.  Row  does  the  operator  know  to  what  extent  and  la  what 
direction  the  pressure  should  be  adjusted? 

4.  low  often  end  how  fast  can  the  operator  respond  to 
terrain  variation  in  a  certain  tine  Interval? 

A  logical  answer  to  all  these  questions  lends  to  the  need  for  full  suto- 
natlc  control  of  the  central  tire  Inflation  pressure  system  using  various 
sensors.  Therefore,  the  ultimate  goal  of  this  research  program  is  to 
develop  an  automatic  central  tire  inflation  system  to  as sues  vehicle 
mobility  under  various  forestry  terrsla/sotl  conditions.  Remover,  the 
uela  objectives  of  this  paper  are  to  present  an  all  terrain  vehicle 
equipped  with  a  CTIS,  to  disease  the  various  means  and  sansoro  ter  awto- 
natlc  control  of  tire  inflation  pressure,  and  to  present  the  results  of 
field  evaluation  studies  using  different  tire  Inflation  pressures. 


envois  of  tbeea’ext runes  la  set  situs  that  hews  beau  bedded  is  prepare- 
ties  far  tree  planting  (1 see as,  1978).  Figaro  1  shews  soil  strength  and 


a  typical  bad  proflla  in  tha  Coaatal  Plain  ragion  of  North  Carolina. 

Soil  atrangth  la  vary  low  and  hanca  requires  a  low  ground  praaaura  ve- 
hlcla  for  traa  planting  and  subsequent  foraat  oparationa.  Tha  uaa  of  a 
trailad  plantar  on  thaaa  altaa  requires  at  laaat  a  ainlaua  of  a  45-kW 
crawler  tractor  which  tracka  to  either  aida  of  tha  bad  causing  clearance 
and  bogging  problaaa  and  reeulting  In  lnaaaa  in  nachlna  productivity. 


- i - . .  .  .  -i  — - * 
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PIC.  1.  Proflla  and  soil  atrangth  neasuraments  of  a 
typical  bad  prepared  bp  a  bedding  plow  without  packer 
drun. 


Baalc  Dealgn  of  tha  A TV 

Tha  above  linltatione  and  other  cone ldcr at Iona  lad  to  tha  develop- 
aent  of  a  light-weight,  all  terrain  vehicle  (Fig.  2)  at  North  Carolina 
State  Ohlveraltp  in  1980  (Haaaan  and  Whitfield,  1982).  The  ATV  la 
equipped  with  a  12  kM,  air-cooled  angina,  hydroatatlc  tranaalaalon  and 
terra  tlrea. 


Plaid  Taatlna  and  Evaluation 

Tha  ATV  waa  operated  on  varioua  bade  of  hiatoaal  aoila  in  tha  Hof¬ 
mann  Poraat,  Mayavilla,  N.c.  and  on  oxisol  aoila  of  Padaral  Paper  Board 
Co. ,  Inc.  at  Lumberton,  North  Carolina.  Tha  vehicle  proved  to  be  ade¬ 
quately  powered  and  dlaplapod  good  maneuverability  and  atablllty. 

A  traction  (pull)  taat  of  tha  ATV  waa  conducted  on  a  bedded  aita  and 
a  dirt  road  at  Uwbertoa,  where  the  load  waa  applied  by  a  akid  pan  and  waa 
lncreaaed  by  adding  dead  weights  to  tha  pan.  Tha  line  pull  was  measured 
by  a  hydraulic  dynamometer,  for  each  load,  advance  and  tlaa  per  five 
revolutions  for  each  of  tha  two  powered  wheels  were  recorded  to  determine 
tha  travel  reduction  and  ATV  forward  speed.  Tha  average  moisture  contents 
on  a  dry  weight  beats  of  the  bedded  site  and  the  road  wars  SOX  and  20X 
respectively.  Tha  pell-travel  reduction  curves  for  this  tost  are  shown  in 
Pig.  3  for  s  tire  inflation  pressure  of  42  kPa.  A  total  of  1000  N  pull 
waa  available  at  13  percent  travel  reduction  on  the  bedded  site.  This 
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pull  fores  should  bo  sufficient  for  light  forestry  operations.  The 
results  of  the  pull  test  else  Indicated  that  the  overall  tractive  power 
efficiency  of  the  ATT  waa  only  25X  at  a  ground  speed  of  9.4  ka/h. 

The  control  nschanlea  for  the  hydreulic  puape  allowed  the  driver  to 
turn  easily  and  control  the  speed  of  the  vehicle.  Total  naaa  of  the 
vehicle  and  two  operators ,  one  driver  and  one  instrunent  reader,  was 
692  kg.  The  nose  distribution  waa  78X  on  the  front  drive  wheels  and  22X 
on  the  rear  caster  wheels,  however,  on  rough  terrain,  the  canter  wheels 
tended  to  lose  contact  with  the  ground  and  swirl  which  censed  excessive 
drag  and  lateral  rear-end  swings.  This  phsnonanon  waa  nest  evident  when 
the  ATT  was  attanptlag  to  travel  across  the  bads.  By  increasing  the 
trailing  angle  of  the  rear  wheels,  this  problen  waa  alininated  except  In 
very  rough  terrain. 

The  suspension  eyetea  on  the  front  wheels  of  the  vehicle  was  help¬ 
ful  In  wain tain lag  wheel  to  ground  contact,  but  the  suspension  A- frame 
caused  deerance  p  rub  lens  in  sene  instances.  Stiffer  springs  then  those 
on  the  machine  should  allow  for  wore  equal  aoveuent  of  tho  sue  pens Ion 
frsne  above  and  below  lta  static  no-load  position. 
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Physical  Paraaatara  of  tho  ATT 

The  uso  of  skiddsr  tiros  or  ainilar  largo  also  tires  was  not  possi¬ 
ble  due  to  the  larga  volune  of  air  to  be  controlled  or  to  the  need  to 
redesign  the  tire  so  that  e  snail  portion  of  its  volune  would  bo  control¬ 
lable. 

The  reeulta  of  field  testing  of  the  ATV  In  Berth  Caroline  In  1980 
Indicated  that  the  light  weight  vehicle,  when  properly  designed,  should 
he  suitable  for  forestry  applications  and  suggested  further  development, 
(Hessen  and  Whitfield,  1942).  Therefore,  it  was  decided  to  use  the  ATV 
In  the  development  of  an  uetomutically  controlled  CTIS  suitable  for  off¬ 
road  vehicles.  The  original  desipn  of  the  ATV  was  limited  to  a  total 
mess  of  692  kg.  The  addition  of  the  CTIS  and  radar  wit  Increased  the 
vehicle  ness  to  860  kg  (fig.  A)  with  weight  distribution  of  74  end  26 
percent  on  the  front  end  rear  axles  respectively.  The  front  axle  springs 
were  strengthened  to  accomodate  the  additional  weight.  The  caster  rear 
wheel  inflation  pressure  was  neiatained  constant  at  4gfc?a  throughout  tho 
entire  study. 

Central  Tire  Inflation  Pressure  Circuit 

The  ATV  tire  iefletion  system  circuit  shown  in  fig.  5  is  composed 
of  two  normal ly  closed  solenoid  valves  for  inflating  end  deflating  the 
air  pressure  of  the  frame  powered  tires.  A  portable  cowpressor  equipped 
with  a  3-kM  gee  engine  supplies  coapressed  sir  at  670  kPa.  When  air  is 
to  bo  added  to  the  tire,  the  inflation  solenoid  valve  is  activated,  and 
subsequently  air  floes  from  the  compressor  tank  through  tho  valve  to  tho 
swivel  elbow  joints  end  enters  the  tires.  When  sir  is  to  bo  removed,  the 
deflation  solenoid  velm  is  activated  and  the  sir  flown  free  the  tires 
through  the  vulva  where  it  ia  vented  to  the  atmosphere.  A  muffler  is 
send  on  the  valve  outlet  to  reduce  the  sir  pressure  before  discharge  for 
sefoty  and  noise  control.  Pour  eefety  relief  valves  set  at  137  kPa  are 
used  in  the  inf lat ion /deflation  circuit  to  protect  the  tiros  against 


nr,.  4.  The  AT V  tqalfp«4  with  the  CTIS  and  radar  apaad  unit 
operating  on  nodded  field  at  MIO,  Jew  1M3,  where  (1)  In¬ 
flation  aolanold  valve,  (2)  deflation  aoloaold  valve,  (3) 
safety  relief  valvee,  (*)  radar  aoalter  eovnted  CO  ea  above 
ground  at  37°  depression  angle  with  the  horiseutal  plana, 

(5)  radar  coneola  for  direct  readout ,  (i)  naaeal  preeaure 
switch  circuit,  (7)  alhow  pivot  joint  connecting  the  CTIS 
to  the  drive  tdieal,  (S)  portable  air  ooupressor  with  3-kW 
angina. 


no.  S.  ATT  central  tire  talUtien/ deflation  eyetee 
epeipped  with  gtooooro  tranedueer 
inflation. 


for  eentrelling  tire 
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high  pressures.  The  normally  open  manual  shut-off  vslvss  srs  used  to 
prevent  sir  leakage  from  the  tires  when  the  vehicle  Is  not  In  use  for 
an  extended  period. 

A  manual  switch  circuit  composed  of  two  push  button  battery-operated 
switches  controlling  the  inflation  and  deflation  solenoids  was  necessary 
to  Investigate  the  operational  characteristics  of  the  tire  pressure 
system  and  to  the  development  of  the  control  system. 

Central  Tire  Inflation  System  Tests 

Tests  of  three  to  five  replications  ware  conducted  to  determine  the 
characteristics  of  the  CTIS  under  different  conditions.  The  compressor 
tank  fillup  rates  were  13.8,  11.8,  and  10.3  kPa/s  with  air  pressure  ris¬ 
ing  from  0-207,  0-414  and  0-820  kPa  respectively.  A  total  of  60  seconds 
was  needed  to  fill  the  tank  to  620  kPa  and  five  seconds  to  discharge  It 
completely  to  the  atmosphere. 

The  average  inflation  and  deflation  rates  of  the  ATV  tires  at  dif¬ 
ferent  tank  pressure  settings  for  three  trials  are  shown  In  Table  1. 

The  testa  were  conducted  stationary  due  to  difficulties  of  recording  the 
data  while  in  motion,  and  the  data  were  consistent  and  almost  Identical 
for  all  trials.  When  the  compressor  teak  was  pressurised  to  207  kPa, 
the  air  solenoid  valves  were  Inoperable  because  their  pilot  pressure 
has  to  be  greater  than  207  kPa  to  activate  the  solenoids.  The  rate  of 
Inflation  of  the  ATT  tires  da creased  la  general  with  a  decrease  in  the 
air  compressor  pressure  and  for  higher  tire  pressure  settings  (Table  1). 

The  results  of  the  tire  and  tank  pressure  tests  indicate  that  the 
CTIS  was  adequately  designed  for  the  ATT  and  will  provide  fast  pressure 
response  to  tolerate  difficult  terrains  end  wet  conditions. 


IKSTKIUTATIOW  Pgg  AUTOMATIC  COHT80L  OF  Tgg  CTIS 

As  In  sny  automatic  control  system,  the  pertinent  objective  is  to 
select  sensing  end  control  devices  to  maintain  the  most  suitable  level 
of  inflation  pressure.  Policies  for  a  particular  terrain  condition  will 
depend  on  the  inputs  and  sensitivity  of  the  transducers  used. 

Sensing  and  Control  Pevices 

Sensing  devices  can  be  a  function  of  ground  contact  pressure,  depth/ 
slnkage  of  wheels,  applied  external  load,  dynamic  load  on  tires,  ground 
condition,  ground  spead/wheel  slip  or  a  combination  of  any  of  these 
variables. 

A  sensor  baaed  on  tire-ground  contact  pressure  might  be  ideal  for 
direct  feedback  needed  for  vehicle  mobility.  Strain  gauges  imbeddsd 
Into  tha  tire  periphery  would  provide  continuous  recording  of  ground 
contact  pressure  that  nay  be  sensitive  to  soil /terrain  variations. 
However,  be canoe  of  the  terrain  roughness  and  the  severe  punishment  of 
the  tires  under  field  conditions,  the  strain  gauges  would  not  be  able  to 
function  properly,  which  will  eliminate  this  approach. 


U4t 


TARLt  1. 

CRA1ACTSR1STIC8  OP 

Til  ATV  CfNTKAL 

Till 

IRPLATIOM 

SY8TKN . 

StPTENRgg  1982 

-  RC80. 

Tire 

Conpre 

ssor 

geguired 

Average 

Tank 

Tine  Pr 

essuriaetion 

Press 

«n 

Rate 

“inUtlif- 

Pinal 

kps 

kPa 

kPa 

gee 

kPa/s 

A.  Tire  Inflation  Test 

0-  15 

820 

540 

0.5 

70 

0-  6* 

820 

478 

0.9 

77 

0-101 

820 

402 

1.4 

74 

0-138 

820 

208 

2.5 

S3 

0-  35 

A14 

341 

0.5 

70 

0-  *9 

414 

207 

1.0 

89 

0-103 

414 

US 

1.5 

69 

0-138 

414 

0 

17.3 

8 

0-  15 

207 

101 

1.0 

35 

0-  *9 

207 

35 

3.3 

21 

0-103 

207 

0 

22.0 

5 

B.  Tii 

re  Beflatio 

a  Test 

103-  0 

2.18 

48 

138-  0 

3.  18 

44 

C.  Tire  Pressur isatioo  at  Constant  Intervals 

0-  35 

820 

517 

0.5 

70 

35-  89 

517 

414 

0.3 

68 

89-103 

414 

310 

0.8 

57 

103-138 

310 

207 

1.5 

23 

Internal  tire  pressure  mid  vary  with  ttra  dtfUctloa  ud  defor- 
aatlsa  on  different  surfaces.  Therefore,  under  eoft  terreia  conditions 
where  linkage  takas  place,  tire  deforest Ion  will  differ,  reeulting  in  a 
change  la  the  tire  inflation  pressure.  A  pressure  t ran educe r  in  line 
with  the  tire  proa sure  lines  (Pig.  S)  can  predict  tire  p resaw re  vari¬ 
ations  within  *1.0  kPa*.  k  logic  circuit  coopering  the  pressure  trans¬ 
ducer  output  with  a  predetermined  window  of  acceptance  couponed  of 

^Personal  coaomlcatlon  with  tha  Rational  Tillage  and  Nechinory  Labor¬ 
atory  staff.  ORB*.  Auburn,  Alstons. 
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maximum  and  minimum  air  prcaaura  values,  la  necessary  for  the  success 
of  this  sensing  method.  Whenever  the  pressure  transducer  signal  Is  out¬ 
side  of  the  window,  an  appropriate  comparator  pulse  la  generated  to 
activate  the  respective  solenoid  valve  for  either  deflating  or  Inflating 
the  tires  (Fig.  5).  The  Inflation  presaure  sensing  as t hod  was  discarded 
because  of  coaplexlty  and  tlaa  needed  for  debugging  the  logic  circuit. 

A  load  sensing  device  can  predict  the  change  in  reslatance  due  to 
terrain  variation.  Unfortunately,  under  aost  field  conditions  the  load 
drags  behind  the  vehicle,  therefore,  the  machine  will  be  laaoblle  before 
a  signal  Is  generated.  A  change  in  axle  load  distribution  due  to  operat¬ 
ing  on  steep  terrain  alght  be  useful  for  adjusting  the  inflation  pres¬ 
sure  of  all  tires.  Electronic  axle  load  cells  are  available  for  heavy 
truck  application  and  night  be  utilized  In  this  application. 

A  sensor  based  on  ground  condition  aeasureaents  such  as  cone  pene¬ 
tration  realatance  moisture  content  of  soil,  depth  of  snow,  or  soil 
density,  equipped  with  a  tine  delay  circuit  for  proper  tlalng  will  be 
useful  In  autosiatlc  control  of  the  CTIS.  Unfortunately,  these'soll  para¬ 
meters  are  not  Independent  of  each  other  and  also  vary  with  soli  type 
and  structure. 

A  sensor  based  on  ground  apeed/alip  measurement  will  provide  direct 
information  needed  for  tire  Inflation  pressure  control.  The  ground 
speed/sllp  sensors,  normally  utilize  a  microwave  Doppler  radar  unit  or  a 
fifth  wheel  In  front  of  the  vehicle  for  monitoring  the  slip.  Several 
devices  are  available  and  can  be  readily  installed  on  farm  tractors  for 
controlling  wheel  slip  and  measuring  productivity.  It  was  felt  that  the 
speed/sllp  control  technology  is  well  established  and  can  be  implemented 
on  the  ATV  with  the  CTIS  for  automatic  control  of  tire  inflation  pressure. 


radar  aggro  speed  mkasukp— ts 


Principle  of  Radar  Measurement a 

The  radar  sensor  provides  a  true  measure  of  vehicle  speed  over  the 
ground  using  the  Doppler  principle  (Fig.  6).  Illuminating  the  ground 
below  the  vehicle,  the  reflected  beam  is  compared  with  the  transmitted 
beam  to  derive  a  difference  of  Doppler  frequency  proportional  to  the 
vehicle  speed. 

The  Doppler  frequency  shift  is  expressed  by  (Hyltln,  at  al,  1973): 

m  .  iJL  cos  9 

where: 

*d  “  Apparent  Doppler  frequency  shift  la  Herts. 

Vg  ■  Velocity  vector  (vehicle  velocity), 
i  •  Wavelength  of  transmitted  beam. 

9  •  Angle  between  the  velocity  vector  end  center  of  the 

antenna  been  (depreaeion  angle). 
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MOM  ANTENNA 


*--ATV  PNAMC 


•SAM  MOT* 


ONOUNO  MftfhCC 


nc.  6.  CtoMtrr  of  tingle  b«n  Doppler  frequency 

Miiurneiti. 


The  vehicle  velocity  le  calculated  from: 


ki. 

2  coa  6 


(1) 


for  an  antenna  depraaelon  angle  of  37*  and  transmitted  frequency  of 
24.125  CHs,  a  vehicle  velocity  of  1.609  ka/h  (1  nph)  la  equivalent  to  a 
Doppler  frequency  ahift  of  57.5  Berta  (Tauha.  et  el,  1982).  The  output 
of  the  radar  aenaor  la  a  equate  wave  whoee  frequency  la  directly  pro¬ 
portional  to  the  vehicle  velocity.  The  frequency  to  apeed  conversion 
factor  la  approximately  35.7  Hs/ka/h  (57.5  8x/nph)  when  the  aenaor  la 
mounted  at  a  depraaelon  angle  of  37*,  approximately  at  0. 6-1.0  n  (24- 
39")  above  the  ground.  It  will  operate  aatiafactorlly  while  facing  In 
either  direction;  forward  or  rearward. 

A  Bader  Seataor  for  the  ATV 

A  radar  unit  (Dickey-John  TPMI1)  waa  installed  on  the  ATV  aa  close 
aa  possible  to  lta  center  of  ness,  approximately  60  cm  above  the  ground 
with  depression  angle  of  37*  and  transmitted  frequency  of  10.535  GHs 
resulting  in  calibration  factor  of  1  Bs/ca/s  (44.7  Hs/aph) .  The  unit 
monitor  console  displays  ground  speed,  wheel  slip,  engine  rpm,  and  area 
covered.  A  10-tooth  sprocket  based  on  the  radar  pulse  rate  of  223.5 
pulses/a  for  the  Wheel  slip  measurement  waa  first  evaluated  but  because 
the  ATV  waa  hydrostatically  driven  and  operated  at  low  speeds,  a  96- 
tooth  sprocket  and  a  mpietic  pickup  transducer  nownted  on  the  right 
wheel  axle  to  determine  wheel  slip  were  msec  enited  for  this  application. 

The  output  signals  on  the  radar  console  are  at  the  rata  of  one  read¬ 
out  per  second  .which  la  very  slow  because  of  the  tine  delay  la  processing 
the  signals.  An  interface  circuit  with  the  input  algesia  to  the  TPM  II- 
ND4332I  registers  will  bn  constructed  did  fed  to  an  external  conputer 
for  controlling  the  tire  Inflation  proenuro  booed  on  slip  ond/er  ground 
speed  inputs.  Whan  developed,  this  automatically  operated  ground  spend 
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central  tire  pressure  systea  will  represent  a  great  revolution  In  vehicle 
aobillty  and  in  optimizing  field  operations  which  will  result  in  sub¬ 
stantial  energy  and  cost  savings. 

Radar  Performance  &  Evaluation 

The  aaln  components  of  the  radar  unit  are  an  antenna,  a  microwave 
transceiver,  an  estimator  and  a  microprocessor.  The  horizontal  speed  is 
calculated  from  the  radar  transmitted  signal  (Eqn.  1)  and  the  slip  Is 
calculated  cither  from  the  engine  rpm  for  direct  drive  vehicles  or  from 
wheel  rpm  for  hydrostatically  driven  vehicles  such  as  the  ATV  used  In 
this  study. 

Teats  of  the  radar  unit  to  determine  its  characteristics  were  con¬ 
ducted  In  Fall,  1982  on  a  paved  road  andon  a  sodded  football  field,  NCSU 
campus,  Raleigh.  The  vehicle  was  operated  at  constant  full  throttle  with 
constant  rear  tire  pressure  of  48  kPa  and  front  tire  pressure  ranging 
from  13.8  to  110.3  kPa.  The  trails  were  approximately  30  meters  long  on 
nearly  straight  and  level  grotatd.  The  data  shown  in  Table  2  are  the 
average  of  all  recorded  points  along  the  trails  for  each  tire  Inflation 
pressure.  The  ground  speed  on  the  paved  surface  was  fairly  constant  at 
all  tire  pressures,  however.  It  Increased  slightly  with  an  increase  In 
tire  Inflation  pressure  on  the  sod.  The  slip  percent  readings  were 
erratic  and  constantly  changing.  After  repeating  the  tests  at  tire 
pressures  of  27.6  and  110.3  kPa,  it  was  concluded  that  the  slip  measure¬ 
ments  were  not  sufficiently  accurate  for  controlling  tire  Inflation 
pressure.  Contrarily,  the  ground  speed  readings  were  within  +  0.15  km/h 
for  the  same  test  run  (Table  2). 

Calibration  of  the  radar  ground  speed  measurements  was  conducted  on 
two  152. 4-n  trails,  one  on  paved  road  end  the  other  on  sod,  on  the  NCSU 
Campus  by  recording  the  time  for  each  30.5  meters  (station)  along  the 
trail  and  at  least  four  radar  console  readings  for  each  station.  The 
results  of  this  calibration  Indicated  that  the  radar  recorded  ground 
speed  measurements  (Vr)  were  less  than  the  average  recorded  speed  using 
a  stop  watch  (Vt);  the  error  is  within  +  3.5  percent.  The  statistical 
equation  of  all  data  points  obtained  from  this  calibration  test  was: 


Vt  -  1.036  Vr  (2) 


Tractlon/Sllp  Test  Results 

Relationships  between  slip  and  ground  speed  under  different  loading 
conditions  have  been  established  by  several  investigators  In  the  agri¬ 
culture  and  off-road  vehicle  fields.  A  pull  test  was  conducted  on  a 
heavy  sandy  clay  soil  at  the  Schenck  Memorial  Forest,  8  km  west  of  NCSU 
campus.  A  152. 4-n  trail  was  established  with  five  stations  narked  every 
30.5  n.  The  average  moisture  content  of  the  soil  was  52.4  percent  on 
dry  weight  basis.  A  skid  pan  loaded  with  pulpwood  was  used  to  load  the 
ATV  during  the  traction  test.  The  test  was  conducted  at  four  tire  in¬ 
flation  pressures  (Table  3).  The  radar  speed  and  slip  data  were  read 
directly  from  the  console  and  recorded  on  a  microcassette  recorder  by 
one  operator  riding  on  the  ATV  and  the  time  travelled  per  station  for 
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TABLE  2.  PERFORMANCE  OF  IUE  RADAR  UNIT  AT  DIFFERENT 

INFLATION  PRESSURES  AND  NO  LOAD.  NOVEMRER  1982. 


Tirt 

Rolling 

Ground  Speed 

Pressure 

Radius 

Engine  RPM 

ka/h 

Slip  X 

kPa 

mm 

naan  a  * 

■iiq  a 

aesn  a 

A. 

Paved  Surface 

13. S 

316 

3256 

6 

8.0 

0.08 

3.6 

0.6 

27.6 

337 

3211 

13 

8.0 

0. 14 

3.2 

0.8 

41 .6 

348 

3218 

10 

8.1 

0.08 

3.2 

0.8 

55.2 

352 

3223 

7 

8.2 

0.13 

1.6 

0.6 

68.9 

357 

3232 

13 

8.5 

0.08 

2.4 

0.6 

82.7 

360 

3226 

6 

8.5 

0.14 

2.4 

0.6 

96.5 

364 

3234 

6 

8.5 

0.06 

3.0 

0 

1 10.3 

365 

3231 

4 

8.5 

0.06 

2.8 

0.5 

R. 

Sod  Surface 

13.8 

316 

3175 

4 

7.6 

0.14 

5.8 

0.4 

27.6 

337 

3199 

7 

7.7 

0.13 

4.4 

0.9 

41.4 

348 

3218 

15 

7.9 

0.18 

3.8 

1 .  I 

55.2 

352 

3209 

6 

8.1 

0.  18 

4.6 

1.3 

68.9 

357 

3223 

9 

8.2 

0.11 

3.4 

1.1 

82.7 

360 

3220 

4 

8.3 

0.08 

2.0 

0.7 

96.5 

364 

3253 

4 

8.5 

0.13 

2.0 

0 

110.3 

365 

3248 

3 

8.4 

0.08 

2.4 

0.6 

•peed  and  trawl  reduction  aeasureaents  waa  recorded  by  another  operator 
on  the  ground. 

The  results  of  these  tests  Indicated  again  the  reliability  of  the 
ground  speed  aeasureaents  and  unacceptablllty  of  the  slip  readings  ob¬ 
tained  by  the  Dlckey-John  unit.  The  radar  data  output  prior  to  pro¬ 
cessing  was  Monitored  on  an  oscilloscope  and  found  consistent. 
Calibration  of  the  radar  unit  to  relate  pulse  counts  to  ground  speeds 
will  be  conducted  In  the  laboratory  using  s  variable  speed  belt  unit. 

A  logic  circuit  Is  under  Investigation  to  control  the  tire  infletion 
pressure. 
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TAIL!  3.  RESULTS  OF  THE  PULL  TEST  AT  THE  SCHERCK  MEMORIAL 
FOREST,  MCSU  WITH  THE  ATV  OPERAT1RC  AT  FOUR  TIRE 
PRESSURES.  ROVEMSER  1982. 


Tire 

Pull 

Travel 

Cr ound 

Pressure 

Reduction 

Speed 

Spaed 

Slip 

kPa 

R 

X 

kn/h 

kn/h 

X 

27.6 

0 

0 

7.7 

7.4 

4.7 

111 

2.7 

7.5 

7.1 

5.9 

313 

6.9 

7.1 

6.9 

5.8 

644 

14.5 

6.6 

6.4 

9.2 

55. 2 

0 

0 

7.9 

7.6 

3.2 

111 

4.2 

7.5 

7.1 

4.6 

327 

5.4 

7.5 

7.2 

4.5 

859 

16.2 

6.6 

6.5 

10.4 

82. 7 

0 

0 

8. 1 

7.6 

3.1 

111 

3.9 

7.8 

7.3 
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COHCLUSIOKS  AMD  RECOggRDATIOHS 

1.  Th«  twin  (fMd  HwirMti  in  suitable  and  accurate  for  detecting 
ground  apood  of  forestry  end  off-rosd  vehicles. 

2.  The  central  tire  inflation  system  deelRn  use  adequate  and  cen  be 
extended  to  larger  vehicles  and  akidders. 

3.  Work  la  in  progress  to  interface  with  the  radar  console  speed  and 
wheel  rpn  signals  to  autonatlcally  control  the  tire  Inflation 
pressure. 
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CENTRAL  TIRE  INFLATION  SYSTEMS  (CTIS)  -  A  MEANS  TO  EM1ANCE  VEHICLE 
MOBILITY . 
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WMERT  V.  KACZMAREK 

US  ARMY  TANK- AUTOMOTIVE  COMMAND,  WARREN,  MICHIGAN 


For  the  vehicle  designer  there  ars  numerous  considerations  that  Bust  be 
taken  into  account .  Baaed  upon  the  type  of  requirements  which  are  to  be 
placed  upon  a  vehicle,  a  variety  of  alternatives  are  usually  available 
to  achieve  the  final  design  goal.  The  nature  of  aodam  warfare  places  an 
additional  responsibility  and  somewhat  more  difficult  burden  on  the 
designer  of  ailitary  wheeled  vehicles. 

Probably  one  of  the  most  demanding  features  hoped  for  in  modem  military 
wheeled  tactical  vehicles  is  to  achieve  a  high  degree  of  nobility.  If 
a  wheeled  vehicle  is  mobile  it  can  fwactloa  in  a  broader  range  of  roles, 
therefore  providing  it  with  a  higher  degree  of  utility. 


'■i 


lace  there  are 
mobility  and  effectivemo 
features  to  Incorporate 
these  features  are  from 


ways  of  increasing' a  wheeled  vehicles  overall 
as  it  them  becomes  a  choice  of  which  mobility 
into  a  vehicle  design  and  how  effective  each  of 
a  performance  and  a  east  effectiveness  standpoint. 

W  of  the  most  effective  and  wall  proven  systems  that  has  been  adapted 
to  wheeled  tactical  vehicles  to  iinvm  the  owerall  vehicle  mobility  Is 
CTIS.  In  general  these  systems,  feature  relatively  simple  designs,  are 
a  highly  effective  and  convenient  method  of  enhancing  vehicle  mobility 
and  are  relatively  simple  to  operate. 


The  latent  of  this 
of  the 


is  to 


iiagmaa 

bf-the  i 


the 

art. 


issue  of  CTIS  from  the  advent 


A  CTIS  cam  bo  defined  es,  MA  system  Incorporated  in  s  wheeled  vehicle 
which  permits  the  vehicle  tire  pressures. to  ho  regulated  by  the  vehicle 
driver/crew  mehir  from  within  the  vehicle  cab  while  on  the  nova”.  If 
the  vehicle  time  are  delft ted  from  SOpei  to  lSpei  the  tire  footprints 
will  1  acre  as  e  xhetant  lolly.  Whenever  the  area  ef  the  fbatpriat  is  la¬ 
ths  grew*  praseasa  which  that  vehicle  anpariamaaa  is  redaoed. 

.  that  the  sail  strength  conditions  are  identical,  the  tractive 
effort  ami  evceell  mobility  lor  a  vehicle  mill  Increase  at  the  loner 
pro  os  sue  level,  home*  allowing  this  vehicle  *e  aocaapllsh  a  hlgi  level 
ef  nihility 


Msf 


fig.  1  BIK-1S2  Seviet 


Car 
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Til*  BTR-152  Soviet Areor adCar  (Pig.  I)  utilised  CTIS.  11m  CT1S  deslga  for 
the  ITR-1S2  ns  of  the  'Tentagraph"  typo  which  hod  exposed  sir  llaes  that 
led  to  the  wheel  hubs .  Op  the  overall,  the  CTIS  operation  on  the  nh-152 
did  iapreve  overall  vehicle  nobility;  however  when  the  vehicle  negotiated 
rough  terrain  or  heavy  vegetation  the  "Pantograph"  lines  were  H  mm  god  and 
adversely  effected  the  operation  of  the  CTIS.  Pig.  2  basically  illus¬ 
trate*  the  systeo  layout  for  the  CTIS  which  the  ITK-1S2  vehicle  caployed. 


i 


Pig.  2  ITK-1S2  CTIS  Systen 


The  operation  of  this  systen  was  very  single.  As. shown  in  figure  2,  air 
entered  the  systen  tins  an  air  cleaner,  gaa  canpreeeed  into  an  air  strange 
tank  and  regulated  at  a  pre-set  westing  systen  pressure.  Sun  it  uue 
desired  to  increase  tire  pruaawre  levels  the  Inflation  centoel  naive  was 
positiened  in  the  inflate  node  and  the  vehicle  tire#  neve  iafleted,  whan 
deflation  was  desired  the  vehicle  operator  singly  past  tinned  the  central 
valve  to  the  deflation  position,  pendttiag  the  tires  to  "dwnp"  air  past 
the  control  valve. 


After  Merld  War  II  both  thy 
nested  with  CTIS  to 
of  transfOriag  air  fM  i 
illustrates  a  typical  fl: 
tie  axis  housing. 


_ ad  the  teviet  Union  expert - 

sllg  ptags  on  An  axles  as  a  nsnaa 
las  ts  the  Vfklele  tires.  (Fig.  S) 
«*l  m  gaUttunshig  to  the  vahi- 


V 


Pig.  3  Air  Transfer  Slip  Ring  Asseably 


Sine*  MorlS  Mar  II  tho  Soviet  Itaioa  and  Marsaw  Poet  Cotntrles  have  aepha- 
sixed  the  use  of  CTIS  on  all  tactical  shoaled  vehicles.  Pig.  4  is  a 
diagraa  of  a  CTI  Sya tea  utilised  on  aa  early  Soviet  2%  toaae  cargo  truck 
(Z1L-157).  Hie  ZIL-157ves  a  departure  fro*  the  earlier  vehicles  utilis* 
lag  CTIS  in  that  it  did  eagley  slip  riags  ea  the  axles  as  a  asset  of  air 
delivery.  Each  slip  riag  asseably  is  fitted  with  seals  to  help  prevent 
air  leakage.  By  observing  Pig.  4  it  is  evident  that  the  basic  difference 
between  the  CTIS  on  the  tTR-152  and  die  ZIU1S7  Is  the  utilisation  of  die 
slip  riag. 
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Sine*  ens  is  need! y  installed  on  vehicles  which  hew  m  at  *  brahe 
systeu,  the  air  ymrat  fbr  CTIS  and  air  knki  niimHcnc  if  w||Hil 
frou  a  ooam  vahida  air  tank  iifply  iytt«,  Deing  that  wMtla  Hley 
ia  aor*  iaportant  thaa  aahicla  paifw-nci  a  win  la  laa fallal  aa  Che 
vahicia  air  tank  swpply  systeu  which  assures  that  tha  alt  preesun  re¬ 
quired  to  oparata  tha  vahida  air  brakai  ia  cattsfhctnay  talar  fa  Mart* 
in*  air  praaaura  to  oparata  CTX*.  If  tha  vahida  air  tan*  Mfplyptwwn 
laval  is  relatively  low,  this  vdva  will  r  agntais  air  prasavra  «a  tha  air 
brakes  for  operation  but  no  air  pros sura  will  ha  delivered  tar  CTI1  aaaflS. 

It  was  nphuind  aarliar  in  this  paper  that  the  flawy  latent  of  CTI8 
from  a  nobility  standpoint  is  to  lower  vehicle  tire  prsaanrs  levels  la  aa 
effort  to  incroaso  tha  tire  ground  contact  nan  which  will  lever  tha 
overall  ground  pressure  and  help  increase  vehicle  Irnwhn  fall  and  nobil¬ 
ity.  Figure  S  ia  agrapfc  of  tho  changes  in  tin  fbotprlnt  aanaa  tar  the 
ZIL-1S7  vehicle  utilising  s  w.oo  x  is  bias  ply  nfoaaivn  trend  tin.  lath 
the  net  and  grots  footprint  amaa  ana  thaa  leahlc  vhaa  the  tin  pras- 
suras  are  dropped  Iron  SOpal  to  lOpsl .  This  tntfint  area  Intraasas 
priwerlly  in  tho  length  d  lawns  ion. 


Pit.  S  ZIHS7  Footprint  Ami7 

Figure  ft  ia  a  tftla  which  illustrates  tha  ahkiin  lnrraici  ia  Drawbar  Pull 
while  reduc lnglaflatlea  prvaawn  levels  an  the  IIHS7  vehicle.  It  ia 
iataraating  to  not#  the  percent  increaas  ia  drawbar-pull  whan  tin  pns- 
ana  lands  an  reduced. 
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Tint  used  an  vehicles  utilising  CT1S  can  b«  standard  type  tlras,  bias  or 
radial  ply,  tuba  or  tubeless  daalga.  If  a  tuba  la  uaad  within  tha  tira, 
tha  valve  cora  oust  ba  rwaovad  to  allow  for  daflation  of  tha  tira  whan 
tha  CTIS  contra!  valva  is  activatad  free  within  tha  vahlcla  cab. 

Ilia  whaals  that  am  uaad  for  CTU  daalga  am  of  tha  "split"  typa  config¬ 
uration  to  allow  for  a  band  spraador  to  ba  iaatallad  within  tha  tira. 

A  band  spraador  oust  bo  wood  to  nenprsis  tha  tira  band  against  tha  laaar 
whaal  rin  aurfaca  so  gut  whan  aparntlng  at  low  tira  proa  sumo  tha  tira 
band  doaa  not  saparata  fna  tha  ianor  whaal  rin  and  daflata  tha  vahlcla 
tlras.  A  leaking  device  is  aloe  installed  is  tha  tim/wheel  assnMly  to 
prevent  tha  tuba  frao  rotating  in  relation  to  tha  whaal  at  low  rin  pres¬ 
sures.  Figure  7  illustrates  tha  tire/whoel  ssseably  with  band  spraador 
which  is  anpleynd  on  tha  tATKA  SIS  vahlcla. 
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Fig.  M  PAP  MM  CTlf  Coat r»l> 


A  systaa  «Mek  is  camatly  baiaf»hta<  %y  *ha  M  OwwH  OHWHl  Is 
aAaptai  ta  s  five  m  tactical  tnck  (Pit.  12)  ami  is  fltta*  with  nttal 
ply  tine.  All  pnviaasly  taM  application  «f  cm  taws  atftliaai  Mas 
ply  tins,  so  tfcs  ehsats  ta  •  radial  tin  ctrahly  shaaM  a M  •  Am* 
sin  to  sahaaciat  a  nhielas  avarsll  aability.  Pig.  IS  illastntn  tha 
g aural  layout  of  tha  CT1I  atllltoA  by  AN  Cnorsl  Caipomin. 


The  design  of  ah  Generals  ptcnu4  lyitM  iacoiyontw  sosm  ds  fin  its  is. 
pwwMstt  to  previously  to—  systems.  la  «a  often  to  reduce  tiro 
iaflatlco  tiaoo  a  largo  16.1  CfN  air  ccapresaar  la  used.  For  cooperative 
purposes  the  ZIL-1S7,  aa  aarlior  Soveit  Oft  vehicle  utilised  a  S.5  CFN 
air  tompmsor.  Ths  Ml  Gaaaral  system  incorporates  a  single  air  tank 
(for  air  brakes  and  CT1S)  instead  of  two  or  throe  interconnected  tanks  as 
observed  in  earlier  generation  systen  dooipw.  A  straight  forward  and 
slsplo  to  use  pressure  control  valve  is  also  utilised  oa  the  Ml  General 
desip  ter  the  various  terrains  which  a  vehicle  nay  have  to  negotiate. 

In  Mm  authors  opinion,  ths  AN  General  CTXS  design  represents  the  state- 
of-the-art-  ia  the  CTXS  technology  area.  Nevertheless,  there  are  other 
technical  sppreachss  worth  asntloatng  which  could  have  norit  ia  varying 
vehicle  tiro  pressure  levels  aa  a  naans  to  increase  overall  vehicle  no¬ 
bility. 

Currently  there  are  MO  efforts  underway  to  design  and  naaufacture  charg¬ 
ed  cartridges  that  can  bo  adapted  to  a  vehicle  sale  hub  with  hose  con¬ 
nection  between  the  charged  cylinder  and  the  vehicle  tire.  An  electronic 
signal  free  the  vehicle  driver/operator  activates  a  valve  on  the  charged 
cylinder  for  inflating/ da  fisting  a  vehicle  tire.  This  systen  would  elia- 
inate  the  need  for  a  vehicle  eoupresser  and  the  associated  controls  and 
plwUbiag  but  would  be  limited  from  the  standpoint  of  the  nuaber  of  tines 
it  could  inflate  a  vehicle  tiro  prior  to  being  re-charged  or  exchanged 
ter  a  now  cylinder.  Ia  a  coobat  environment  the  charging  of  these  cylin¬ 
ders  could  also  prove  to  be  hazardous. 


too  to  the  characteristically  strong  flexible  sidewall  of  a  radial  ply 
tire,  the  quality  of  the  vehicle  ride  and  handling  are  substantially 
better  than  that  of  a  vehicle  utilising  conventional  bias  ply  time.  In 
the  peat  several  years  so  extensive  anouat  or  progress  has  been  nade  an 
advanced  radial  tire  deaigas.  It  would  be  ideal  to  assume  that  a  radial 
tire  could  bo  designed  to  operate  at  one  standard  pressure  level  ter  both 
soft  soli  end  primary  road  application.  Such  a  design  would  allow  a 
vehicle  to  have  low  ground  pressure  and  high  traction  in  Mm  off  road 
terrain  and  then  be  able  to  operate  at  high  speeds  on  primary  roads  with 
relatively  low  rolling  resistance  to  prevent  hi  Mi  hast  beUdHp.  Serna 
currant  tire  designs  have  boss  offered  as  candidates  ter  use  as  e  stand¬ 
ard  pressure  tire  but  to  date  bare  not  raaatvad  overall  approval  ter  this 
type  of  usage.  Ia  the  event  that  a  currently  produced  larger  sis#  radial 
tire  ware  used  to  telfill  this  requirement  it  would  probably  prove  to  be 
too  heavy  ter  the  application.  Aa  a  result  vahiala  ride  amd  head! lag 
would  be  degraded  «d  the  Urea  would  probably  hare  a  tendency  to  over¬ 
heat  during  high  speed  driving  aa  priaary  roads,  hence  destroying  the 
tire. 
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It  is  also  reasonable  to  uium  that  a  completely  unique  automatic  CTIS 
could  be  designed  which  would  require  no  driver /operator  input  or  Judg¬ 
ment.  Such  a  system  would  automatically  sense  and  continually  monitor 
the  terrain  conditions  and  adjust  the  vehicle  tire  pressures  to  an  opti¬ 
mal  pressure  level.  In  addition,  such  a  system  could  activate/deactivate 
the  vehicles  differential  locking  mechanisms  on  an  "as  needed"  basis; 
depending  on  the  terrain  being  negotiated. 

Up  to  this  point  various  CT1  systems  have  been  discussed  with  an  attempt 
to  generally  describe  what  type  of  hardware  has  been  developed  as  well  as 
introducing  some  alternatives  approaches  to  increasing  vehicle  nobility 
by  varying  tire  pressure/profile  relationships. 

If  a  component  is  to  be  designed  into  a  vehicle  configuration,  regardless 
if  it  concerns  the  vehicles  nobility,  survivability  or  maintainability ; 
it  must  focus  amntd  the  original  intent  or  mission  of  the  vehicle  itself. 
Depending  on  how  wall  these  components  an  chosen  and  engineered  into  the 
vehicle  design  is  somewhat  dependent  open  how  successful  the  vehicle  will 
fulfill  this  mission. 

Webster’s  Dictionary  defines  a  mission  as  "am  assigned  duty  or  task". 

This  definition  cam  ho  ersaplifted  upon  whom  no  attempt  to  define  the 
mission  of  a  vehicle.  A  very  general  definition  of  the  mission  of  a 
wheeled  cargo  truck  could  bo  "to  transport  personnel  med  equipment  over 
various  terrains  in  an  effective  ernamer".  Bence,  idiom  designing  such  a 
vehicle  it  would  soon  practical  to  place  the  moot  concern  on  those  factors 
or  components  which  would  provide  the  vehicle  with  the  highest  probability 
of  coexisting  its  intended  purpose.  Such  s  vehicle  aunt  possess  certain 
engineering  performance  characteristics  or  potentials  (i.a.  specific 
acceleration,  top  speed,  grade  eliding)  in  order  to  negotiate  the  obsta¬ 
cles  throughout  the  vehicle  mission.  The  vehicle  should  bo  designed  to 
a  high  degree  of  reliability  so  that  failures  art  kept  to  a  minimus  so 
as  not  to  Interfere  with  mission  completion.  Last  but  not  least, ti 
required  to  fulfill  a  mission  nust  bo  taken  into  consideration. 

The  performance  characteristics  of  s  vehicle  must' always  bo  highly  re¬ 
garded  during  a  vehicle  design  phase.  Certifications  concerning  engine 
horsepower,  vehicle  step  dishing  capability,  minimal  braking  distance, 
soft  soil  nobility  performance ,  ate.  era  all  somewhat  common  requirements 
for  modern  military  wheeled  vehicles. 

Whenever  CTIS  is  considered  for  adaptation  to  a  wheeled  vehicle  it  is 
probably  viewed  as  a  system  which  enhances  s  vehicles  nihility  perform¬ 
ance.  However,  it  should  also  bo  noted  that  by  utilising  CTIS,  the  ride 
and  handling  characteristics  of  the  vehicle  can  also  be  Up  roved,  there¬ 
fore  labeling  it  as  an  impressive  side  benefit.  The  mere  energy  that  is 
absorbed  by  a  vehicle  operator  or  the  vehicle  comp  snouts,  the  note  fatigue 

uausium  eaMoImm  sasnuml  I  ushlsla  MsemAsMl 

UvvUfm g  CMVllIf  wvvini  1  OufTIOVQ  TVH1C2V  pVTIvIHpCIv  Ml  CMfK/~ 

Rent  failures. 
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A  CTIS  ut  adapted  to  iom  IS  and  16  ton  US  Goar  Vahlclaa  (Flj.  14). 

Sinca  the  Goar  vahlclaa  did  not  hava  a  suspension  ays tea,  the  flexing  of 
the  sidewalls  of  the  large  16  ply,  29. S  X  25.00  earthaover  type  tires 
provided  the  only  naans  of  absorbing  the  shock  between  the  terrain  and 
the  vehicle.  In  a  tactical  truck,  if  the  tire  design  is  properly  chosen, 
it  too  will  reduce  shock  and  have  a  cushioning  effect  upon  the  vehicle 
driver  and  the  suspension  conpoeents. 


Fig.  14  BS  Goer  Vehicle  (16  Ton) 


On  a  vehicle  that  eaploys  CTIS  the  tire  pressure  levels  can  be  adjusted 
when  negotiating  rou#t  terrain.  The  lowering  of  the  tire  pressures  will 
then  allow  greater  fleeing  in  the  tire  sidewall  which  will  decrease  the 
mam t  of  energy  noraally  experienced  in  the  vehicle  suspension  systaa 
coupon  ants  thereby  increasing  coaponant  life  and  iaproviag  the  overall 
reliability  and  naiatainabillty  of  the  vehicle. 

Fig.  15  graphically  displays  the  relationship  between  surface  roughness/ 
vehicle  tire  pressures  at  various  vehicle  speeds. 
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If  CTIS  is  properly  utilised  and  consequently  does  lap rove  the  overall 
reliability  and  naintainability  of  a  vehicle  then  it  can  prove  to  be  a 
very  cost  effective  systea.Pig.  16  graphically  displays  the  relationship 
between  aeintenance  costs  and  usage  of  vehicles  over  various  surface 
roughness  courses. 


Fig.  IS  Surface  Roughness  Vehicle 
Tire  Pressures  At  Various  Vehicle  Speeds 


Utilisation  of  CTIS  can  also  have  a  positive  inpact  frou  the  Hunan  Engi¬ 
neering/Psychological  viewpoint.  If  a  vehicle  driver  has  been  operating 
a  vehicle  which  has  a  sonewhat  rough  ride,  this  driver  will  experience 
aost  of  the  accelerations/ decelerations  when  the  vehicle  is  negotiating 
rough  terrain.  Driving  a  vehicle  under  these  conditions  will  increase 
driver  fatigue  and  will  aost  likely  also  increase  the  tine  required  to 
negotiate  a  given  terrain.  Proa  a  psychological  viewpoint,  an  operator 
will  bacons  disgruntled  with  a  vehicle  that  has  a  marginal  performance 
level.  A  driver  needs  to  have  confidence  in  the  equlpaent  he/she  is 
operating  or  the  level  of  accoapllshaent  will  be  relatively  low. 

In  general,  whenever  the  tine  eleaant  to  couplets  a  given  task  can  be 
reduced,  the  sore  efficient  an  operation  b scones.  Likewise  whenever  we 
increase  the  tint  it  takes  to  complete  e  given  mission,  the  overall 
effectiveness  ef  that  sdaeion  decrease  accordingly. 
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Since  thm  tine  factor  can  b«  such  aa  inportant  element  whan  vlawing  a 
vahicla  mission ,  it  would  saaa  practical  and  cost  offactiva  to  incorpo- 
rata  thosa  fentures/campononts  into  tha  ovarall  vahicla  design  package 
which  will  halp  minimise  tha  alapsad  mission  tins. 

Asstasing  that  wa  hava  two  identical  wheeled  vehicles,  one  with  CTIS  and 
one  without;  in  all  probability  the  vahicla  equipped  with  CTIS  will  func¬ 
tion  in  a  more  affective  manner. 

Prom  tha  standpoint  of  negotiating  adverse  terrain  tha  vahicla  with  CTIS 
will  adapt  to  a  given  situation  (varying  tire  pressure  levels)  in  a 
quicker,  norm  organised  manner  than  tha  vahicla  without  CTIS.  A  vehicle 
with  CTIS  can  have  the  tire  pressures  altered  from  within  the  vehicle  cab 
while  an  the  neve.  A  vehicle  without  CTIS  nust  first  be  stepped  and  tha 
crew  nust  physically  exit  the  cab  and  nanually  inflate/deflate  each  vehi¬ 
cle  tire.  Depending  on  the  type  of  CTIS  enployed  the  tire  inflation/de¬ 
flation  tines  nay  vary  but  on  the  overall  it  takes  considerably  longer 
for  a  vahicla  without  CTIS  to  have  tire  pressures  adjusted  annually  to 
the  sane  pressure  level  of  a  vehicle  utilising  CTIS. 

Pig.  17  is  a  graphical  display  of  tha  tines  recorded  to  inflata/deflata 
the  AN  General  CTIS  utilising  the  Michel ia  14.00  X  20  XS  tires. 

Since  the  tire  sis e  (volose)  and  number  of  tires  on  a  vehicle  (drive  node) 
are  directly  related  to  inflation/deflation  tines,  the  air  compressor 
capacity  is  a  critical  factor.  Hence,  the  best  ways  of  decreasing  infla¬ 
tion  tines  is  to  increase  the  air  ceaprasso r  capacity  and  have  it  operat¬ 
ing  at  optinun  KPN.  Likewise,  the  aost  logical  naans  of  decreasing  tire 
deflation  tines  is  to  provide  for  larger  air  exhaust  ports  and  associated 
pluabiag. 

In  e  combat  environment  vehicle  tine  can  be  very  vulnerable.  If  a  vehi¬ 
cle  employs  CTIS  the  probability  of  completing  missions  in  a  timely  man¬ 
ner  and  increasing  a  vehicles  survivability  is  enhanced.  Depending  on 
the  systea  design  various  correct ivu procedures  can  be  followed  for  a 
punctured  or  blown  out  tire.  On  sons  of  the  Soviet/Nersav  Pact  designs 
the  wheel  which  has  a  leaking  tire  ia  isolated  ft am  the  overall  system 
by  closing  of  a  valve  within  the  cab.  Most  systems  also  employ  valves  at 
the  vehicle  wheel  which  can  be  physically  turned  off  ia  the  event  of 
puncture  or  leakage.  Another  agprbach  could  be  to  Utilise  e  larger  else 
elr  comps  ssser  which  could  accomodate  s  considerable  snmntf  of  leakage. 

The  following  in  the  anthers  opinion  of  some  of  the  necessary  general 
characteristics  for  an  ideal  CTIS. 

e.  In  order  to  provide  air  proaeure  far  both  the  vehicles  air  brakes 
and  CTIS  on  adequately  sited  air  compressor  should  be  fitted  into  the 
design  package.  Such  a  compressor  would  sec earn t  far  Inflating  vehicle 
tires  from  minima  to  mavinim  pree  suras  ia  a  relatively  short  tins  frame 
as  well  ns  providing  for  an  occasional  leakage  or  blown  out  tire. 
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b.  lb*  CTM  cab  coatols  ihwiU  Incorporate  a  straight  fmari  and 
Slavic  design  aad  ba  convenient  Car  tha  vehicle  Mm  ta  operate,  (wfc 
fwtnrw  aa  a  raaga  of  positions  to  place  tha  tlra  presents  caatrol  lever, 
depending  oa  tha  tarrala  taat  ta  ta  ba  negotiated  (i.e.  mat,  gravel, 
pavad  highway,  ate.)  caa  Help  reduce  driver  confusion  and  error  aad 
aahaaca  overall  aiaaiaa  offactlvaaaaa . 

e.  A  wall  doalgaad  CT18  will  iacorporato  a  hi0i  degree  of  safety. 
Proa  tha  standpoint  of  adequate  vehicle  air  brake  pres aura,  prewar  valv- 
iag  should  bo  fitted  to  the  vehicle  air  teak  systao  to  aaaers  that  the 
air  brakes  have  priority  ever  CT1S. 

d.  because  of  tha  obvious  advantages  radial  ply  Urea  ham  over  bias 
ply  tires  regardiac  vehicle  ride,  handling  I  overall  petit— aa  it 
weald  saaa  logical  to  fit  a  vehicle  wtiliaiag  CTXS  with  radial  ply  tires. 
Pig.  M  Illustrates  tha  fsotprlat  areas  of  both  tha  stsadard  OS  MDOC  aad 
the  sowar  Michelle  XS  tires  at  varying  pressure  levels. 


Pig.  Id  meC/Mlcholla  Tire  Paotpriat  Areda 
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sumv  4  CONCLUSIONS 


11m  Mdtrn  day  pneusatic  tire  Is  designed  to  fulfill  a  broad  range  of 
requireaents  for  nitrous  vahido  applications.  Duo  to  tha  cbaractaris- 
tics  of  tira  sidewall  flaxibility,  vahicla  dasignars  ara  capabla  of 
employing  CTIS  on  a  vahicla  to  anhanca  its  nobility  and  rida  dynamics, 
iy  daflating  tha  tiros  on  a  vahicla,  tha  tira  sidewall  flaxibility  func¬ 
tions  as  a  shock  and  vibration  danpar  for  tha  vahicla  ovar  rough  tarrmin. 
In  affnct,  by  using  CTIS,  tha  vahicla  suspansion  systan  can  ba  optinslly 
triad  for  a  broad  rnaga  of  tarrain  conditions.  Iha  installation  and 
proper  usage  of  CTIS  can  therefore  optinixe  a  vehicles  overall  tractive- 
dynamic  porfornanca,  allowing  a  vehicles  power  parameters  to  ba  utilised 
in  the  neat  practical  and  coot  affective  asm or. 
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RUBBER  TRACKS  FOR  MACHINERY  AND  VEHICLES  IN  FORESTRY  ANO  AGRICULTURE 


PER  I VAR  MICKELSON,  Technical  Manager  of  Skega  A8,  Ersmark,  Sweden 


^Swwwary 

~\n  agriculture  and  forestry  It  Is  laportant  to  Increase  nobility  and 
lower  the  ground  pressure  to  avoid  soil  conpactlon  and  damages  to 
the  ground.  Rubber  tracks  have  flexible  sides  which  give  a  such  more 
lenient  behaviour  to  the  ground  than  steel  tracks.  A  special  track 
system,  the  twin-bogle  with  rubber  tracks,  evens  out  obstacles  and 
Increases  the  nobility  on  all  types  of  surfaces.  This  system  together 
with  a  variation  of  vertically  adjustable  bogles  has  a  big  potential 
In  the  military  sector.  A  light  and  thin  rubber  track  reduces  soil 
conpactlon  In  agriculture  and  Is  very  useful  In  all  ecologically 
sensitive  areas. 


The  experiences  gained  when  developing  fully  moulded  rubber  tracks 
(fig.  1)  for  the  all-terrain  vehicles  Bf  20 t  and  later  on  BV  206  (fig.  2) 
are  the  base  on  which  we  rely  when  designing  new  tracks  for  different 
purposes.  It  Is  necessary  to  cooperate  with  a  manufacturer  of  vehicles 
when  designing  tracks  because  the  total  track  system  must  be  looked  upon 
as  a  unit.  The  design  then  depends  on  working  conditions  and  demands. 

Always  when  the  soil  Is  wet  the  farmers  face  problems  with  mobility  on 
the  fields  and  at  the  same  time  the  soil  Is  most  liable  to  conpactlon. 

The  vehicles  tend  to  become  bigger  and  heavier  which  Is  contrary  to 
the  demands  on  low  ground  pressure  and  reduction  of  soil  compaction. 
There  Is  no  question  that  soil  compaction  reduces  yield,  so  rubber 
tracks  can  be  one  solution  to  overcome  the  problem. 

Also  for  forestry  machines  the  demands  are  good  mobility,  low  ground 
pressure  and  environmental  leniency.  Particularly  when  thinning  out 
forests.  It  Is  essential  to  cause  as  little  damage  to  the  ground  as 
possible  as  well  as  to  roots  of  trees  which  should  be  left. 

Rubber  has  special  properties  and  behaves  quite  differently  from  steel. 

!  Rubber  Is  flexible  and  elastlcal  and  has  the  ability  to  dampen  forces. 

\  To  get  a  good  result  when  using  rubber,  *11  properties  have  to  be  utl- 

{  liied  to  their  full  extent.  Different  rubber  compounds  give  different 

properties  why  It  Is  Important  to  evaluete  conditions  under  which 
rubber  has  to  work  and  use  a  cotoound  meeting  these  demands.  Important 
properties  for  rubber  used  In  tracks  are  resistance  to  tearing,  cutting 
and  chipping  and  a  high  cut-through  value. 
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When  using  rubber  ft  Is  possible  to  design  trades  with  flexible  sides 
uMcti  will  give  a  such  More  lenient  behaviour  to  the  ground  than  steel 
tracks  (fig.  3).  These  tracks  have  stiff  and  sharp  sides  and  cut  the 
root  system  which  makes  the  sinking  much  deeper.  Rubber  tracks  do  not 
cut  the  reinforcing  mat  of  roots  close  to  the  surface  and  act  like  a 
suspension  bridge.  On  very  soft  ground  It  could  mean  the  difference 
between  success  and  failure. 

The  design  of  rubber  tracks  must  be  made  In  close  cooperation  with  the 
design  of  the  total  track  system.  Total  load  and  speed  of  the  vehicle 
as  well  as  width,  length  and  weight  of  the  track  together  with  tension 
system  and  number  of  road  wheels  are  the  most  important  factors  to 
consider.  A  rubber  track  Is  reinforced  to  stand  the  traction  forces 
without  elongation  but  also  to  give  side  stability.  Together  with  a 
suitable  width  to  length  ratio  and  the  arrangement  of  wheels,  the  side 
stability  determines  the  degree  of  reliability  la  performance  and  pre¬ 
vention  of  track  shedding.  Height  and  shape  of  grousers  depend  on  con¬ 
ditions  and  type  of  terrain  where  the  vehicle  Is  to  be  used. 

Together  with  a  manufacturer  of  forestry  machines,  Kockums  Indus trier  AB, 
Sbderhamn,  Sweden,  a  special  track  unit,  the  twin-bogle  with  rubber 
tracks.  Is  being  developed.  The  system  Is  being  tested  on  a  vehicle  for 
transportation  of  logs,  type  forwarder  (fig.  4).  The  twin-bogle  consists 
of  a  primary  and  a  secondary  bogle  giving  the  vehicle  special  attributes. 
The  vehicle  has  eight  tractive  tracks,  lie  bogle  system  balances  the 
distribution  of  the  weight  of  the  vehicle  end  the  surface  pressure  will 
thus  be  lower,  particularly  In  heavy  terrain.  The  twin-bogie  system 
improves  the  rate  of  balance  and  the  rate  of  swaying  Is  reduced  to  a 
fraction  compared  with  that  of  a  conventional  vehicle.  The  driver 
experiences  this  as  very  favourable  and  the  obstacles  as  only  one  fourth 
of  their  actual  height.  The  vehicle  manager  obstacles  as  high  as  the 
diameter  of  the  wheels  and  climbs  ever  higher  obstacles  by  means  of  the 
secondary  bogle  flipping  over  (fig.  5).  The  mobility  and  manoevrablllty 
on  all  types  of  surfaces,  be  In  forest  ground,  block  terrain,  swamps  or 
on  snow,  are  without  comparison.  It  has  also  boon  possible  to  consider¬ 
ably  increase  the  rate  of  speed  la  heavy  terrain. 

A  variation  of  this  track  unit  Is  bogles  counoctod  to  movable  arms 
which  are  vertically  adjustable  by  hydraulic  cylinders  (fig.  6).  It 
means  that  the  clearance  to  the  ground  Is  adjustable  and  the  vehicle 
can  run  horizontally  In  a  side  slope. 

He  think  that  the  potential  for  both  of  these  systems  Is  much  bigger 
in  the  military  than  la  the  civilian  sector. 

The  twin-bogle  system  Increases  the  price  of  course,  but  this  will 
be  colons sted  for  hy  higher  speed  In  heavy  terrain,  no  downtime 
and  cost  for  removing  tracks  when  running  on  general  roads  and  all 


1275 


The  tracks  for  the  twin-bogle  are  rather  short,  3500  mm,  and  rela¬ 
tively  wide,  580  mm.  This  eliminates  the  risk  of  track  shedding. 

The  road  wheels  are  standard  pneumatic  tyres  trfilch  lower  the  price 
and  also  give  an  Increased  flexibility  to  the  system.  The  traction 
force  Is  transferred  by  friction  only.  Thanks  to  the  rubber  to  rubber 
contact  It  works  perfectly  even  In  snow  conditions.  The  track  Is  built 
up  by  two  heavy  reinforced  endless  traction  belts  connected  with 
transversal  "grousers'1  or  pads  bolted  to  the  belts.  Inside  the  track 
there  are  gulders  to  center  the  track  to  the  wheels  (fig.  7).  The 
pads  are  reinforced  and  designed  to  stand  a  high  load  In  very  rough 
terrain  and  of  course  permit  driving  on  general  roads  as  all  rubber 
tracks  do.  The  rubber  Is  rather  thick  to  prevent  cut-through  damages 
and  has  a  high  resistance  to  tearing,  cutting  and  chipping. 


For  agricultural  purposes  we  expect  tracks  to  reduce  damages  to  the 
ground  but  also  to  give  a  low  ground  pressure  and  thus  reduce  soil 
compaction.  As  the  degree  of  soil  compaction  depends  on  specific 
contact  pressure.  It  Is  important  to  distribute  the  pressure  under 
the  track  as  uniformly  as  possible,  for  Instance  by  adjusting  the 
tensioning. 

A  thin  and  light  track  Is  designed  to  suit  In  agriculture.  It  Is 
fully  moulded  with  very  low  grousers  and  flexible  sides.  Twin  mounted 
pneumatic  tyres  are  used  and  the  short  centre  to  centre  distance 
between  the  wheels  makes  it  possible  to  use  a  low  and  relatively 
weak  steel  bar.  These  cross  bars  are  combined  with  the  Inside  gulders 
In  the  centre  of  the  track  (fig.  8).  The  width  of  the  track  Is 
450  mm  and  the  length  Is  4500  am.  A  test  to  find  out  the  difference 
between  such  a  track  and  a  wheel  Is  carried  out  In  cooperation  with 
NIAf,  Sllsoe,  UK.  The  track  unit  Is  shown  In  fig  9.  When  writing  this 
paper  no  results  are  available. 

We  think  that  this  type  of  tracks  can  be  used  also  in  forestry  work, 
when  thinning  out  the  forest,  since  the  flexible  sides  will  not 
cause  damages  to  the  roots,  the  design  of  the  track  news  low  ground 
pressure  and  the  lew  grousers  give  only  little  damage  to  the  ground. 

Use  of  rubber  tracks  Is  of  course  not  restricted  to  forestry  and 
agriculture  Oily  but  will  come  to  use  wherever  special  demands  are 
made  on  mobility  and  environmental  leniency. 


Fig.  3  Rubber-track  contra  stool-track 


Ffg.  4  Tirlo-bogfo  tyttm 


Fig.  5  The  bogle  Is  flipping  over 


Fig.  6  Vertically  adjustable  bogle 
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IMPROVEMENTS  IN  CRAWLER  TRACTOR  TRACTION 


KOJI.OGAXI,  YUKIO.TAMURA 
KOMATSU  LTD,  HIRATSUKA,  JAPAN 


^INTRODUCTION 

-^Largs  traction  baa  to  b«  produced  at  tba  undercarriage  Of 
tha  bulldozers  to  overcoaa  the  horizontal  resistance  caused 
by  digging  up  and  aoving  earth  or  ripping  rocks, therefore, 
iaproveeent  in  traction  is  ons  of  the  sost  efficient 
approaches  to  upgrade  the  performance  of  bulldozers. 

So  far*  many  theoretical  and  experiaental  works  nave  been 
accomplished  and  foraulas  have  been  Introduced  to  predict 
traction  and  slippage  of  a  tractor  under  given  soil 
conditions. 

If  all  the  hypotheses  which  those  foraulas  are  based  on 
rightly  explain!  the  actual  phenomena,  there  would  be  no  room 
to  iaprove  the  traction  except  to  change  parameters  appear¬ 
ing  in  foraulasHTo  improve  the  traction  performance  from 
another  point  of  view,  we  have  to  find  discrepancies  in 
these  theories  or  modify  the  foraulas  by  adding  new  para¬ 
meters.  ^ 

By  the  way,  coefficient  of  traction,/!  ,  may  be  expressed 
as  follows i 


Abbreviations  are  shown 
schematically  ia  Fig.1. 

Among  these  parameters, 
t  and  #  are  determined 
by  the  average  contact 
pressure,  beektllt 
moment,  and  so  on,  which 
are  independent  of  the 


7ig.1. Force  acting  to  ormwler 

crawler,  and  Mb  is  the  foundamental  parameter  relating 
with  the  Interaction  between  ground  and  crawler.  To  find 
another  approach  to  iaprove  this  parameter, we 
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aeasured  traction  performance,  vertical  and  tangential 
force  acting  on  a  shoe,  tilting  angle  between  neighboring 
two  shoes,  soil  deformation  and  stress  distribution  beneath 
the  crawler  to  find  another  approach  to  iaprove  traction. 
Obtained  data  are  exaained  closely  with  the  result  that 
tilting  aotion  of  shoes  and  dynamic  load  on  shoes  reduce 
traction  considerably. 

Basad  on  this  conclusion,  the  new  crawler  has  been 
developed  which  prevents  shoes  tilting  and  reduces  dynamic 
load  acting  on  shoes  which  are  unfavorable  for  traction. 

Also  traction  perforaance  of  the  new  crawler  is  coapared 
with  that  of  aonvehtional  crawler.  It  is  concluded  that  this 
new  crawler  Improves  the  traction  considerably  and  also 
reduces  travelling  resistance  and  vibrations. 


PHENOMENA  UNFAVORABLE  FOR  TRACTION 
1.  ON  SOFT  GROUND 
Fig. 2  shows  experimen¬ 
tal  results  of  noraal  1 
and  tangential  ground  $ 
force  acting  on  a  single  * 

grouser  shoe  of  a  trac-  3 

t  M 

tor  pulling  constant  ti 

load  on  soft  loaa.  9  _« 

These  forces  are  devide4  8  rjf'Zj 
by  projected  area  of  a  — 

shoe  providing  noraal  _ 
and  tangential  stress  4  *",M' 

respectively.  J 

The  aoraal  stress  «  04 

fluctuates  a  little  but  •* 
tends  to  lncreasfs  —  at 

linearly  as  the  track  *  f 
frase  travels.  On  the 

fm 

other  hand,  tangential  se¬ 
at  ress  fluctuates  very  'u 

such.  The  high  stress  3n  lojk> 

appears  a,t  half  a  shea  Fig.  2.  Non 
pitch  backward  of  a  «t  vsrioui 


W-fMhgfl 


r  shoe  Width.  Hew 

■  Shoe  pitch.  11.1cm 


Sh-ltWtgr 


#-l* 


I.  xm» 

sprocket 


Fig. 2. Noraal  and  tangential  stress 
at  various  track  frase  position 


I 
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track  roller  and  low  at  half  a  ahoa  pitch  in  front  of  a 
track  roller.  It  ia  generally  observed  that  the  fluctuation 
of  tangential  atreaa  decreases, but  average  atreaa  increases 
as  the  traction  increases.  Tangential  atreaa  ia  calculated 
froa  aeasured  noraal  stress,  shear  properties  of  soil 
obtained  by  ring  shear  teat,  and  horisontal  deforaation  of 
soil  at  surface  eetiaated  froa  aeasured  travel  reduction. 
The  result  is  ooapared 
with  the  aeasured  tan¬ 
gential  stress  in  Pig. 3. 

The  aaxiaua  stress 
aeasured  is  siailar 
with  the  calculated  but 
ainiaua  stress  aeasured 
is  lower  than  calcula¬ 
ted  stress.  This  sug¬ 
gests  the  existence  of 
unfavorable  phanoaena 
for  traction. 

As  the  track  roller 
traverses  on  the  link 
surface,  the  vertical 
load  deflects  the  traak 
links  froa  the  horison¬ 
tal  around  each  pin 
joint.  Pig. 4  shows  the 
experinea tal  results  of 
tilting  angle  between  Pig. 3. Comparison  between  aeasured 
neighboring  two  shoes.  calculated  tangential  stress 
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The  tendency  of  the  neeeured 
tilt  angle  agrees  well  with 
that  of  tangential  atress  so 
that  disagreenent  between  nea- 
sured  and  oaloulated  tangential 
stress  is  deduced  to  be  oaused 

by  this  deflection  or  tilting  Kick  k»cK  bAckwsrtl 

notion  of  shoes.  Fig. 5.Fluctuation  of  shoe 

As  shown  in  Fig.  5,  as  a  track  iink 
roller  travels  closer  to  a  pin, 
a  front  shoe  tilts  back  and 
kick  the  soil  forward,  converse* 
ly.  when  this  roller  passes 
through  that  shoe,  this  shoe 
kicks  the  ground  backward.  A 

close  observation  of  a  plnjolnt  gf€4 

and  neighboring  two  shoes  shows  Fig. 6.Deforaatlon  of  soil 
that  a  front  shoe  kioks  the  soil  bsneath  crawler 
forward  and  a  rear  shoe  kicks 
backward  when  a  track  roller,  ie 
on  that  pin  joint.  As  this  rol¬ 
ler  travels  onto  the  next  pin, 
shoes  tilt  reversely. 

Let  this  kicking  velocity  be  y# 
with  respect  to  jolat  pin.  This 
pin  noves  at  V  with  respect  to 
track  franc.  Also  the  tractor  Fig. 7. Shear  properties  of 
itself  travels  at  v  in  fixed  ground  soil 
cordinatee.  Therefore,  a  shoe 

kicks  soil  forward  at  V-v-t^or  backward  at  V-v+v,  in  fixed 
cordinatee.  On  the  other  hand,  tbs  d’efornation  of  white 
powder  put  into  the  vertical  hole  in  test  track,  as  the 
tractor  travels  Is  neasured  as  shown  in  Fig. 6.  Atthe  dis¬ 
torted  region,  these  lines  ^eforaed  to  be  inclined  but  st¬ 
raight  and  parallel.  This  indicates  that  soil  is  this  region 
noves  backward  uni f only  at  u .  -Therefore  I  Shoe  kicking  soil 
forward  acres  backward  with  respect  to  soil  ben set b  the  shoe 
at  V-v-\» u.  Whenever  this  relooity  V-v-v*  beoenee  negative, 
e  shoe  kick  soil  forward,  banco,  as  shown  Fig. 7,  shear 
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stress  condition  changes  from  A  to  B. 

At  low  travel  reduction  (  low  V-v  ),  negative  velocity  at 
the  tip  of  the  shoe  nay  becone  large  enough  to  cause  nega¬ 
tive  tangential  stress  at  a  eoaent.  Next  instance  this  shoe 
kicks  the  soil  backward,  thus  recovers  positive  stress.  The 
tendency  of  Fig. 3  nay  be  explained  as  described  above.  From 
these  reasons,  it  is  concluded  that  tilting  notion  of  shoes 
around  pin  Joint  reduces  traotion  of  the  conventional 
crawler. 

2.  OH  HARO  GROUND 

Measured  nornal  and  tangential  ground  force  acting  on  a 
shoe  of  a  tractor  pulling  constant  load  on  concrete  ground 
are  shown  in  Fig. 8.  Dotted  line  indicates  calculated  tan¬ 
gential  stress  for  ooaparison.  It  is  observed  that  inter- 
alttent  spike-like  noraal  stress  sots  on  the  shoe,  thus 
the  tangential  stress  in  phase.  Calculated  tangential 
stress  is  ouch  lower  than  the  aeaeured.  Froa  this  reason, 
it  is  Infered  that  there  would  be  soae  phenoaena  unfavora¬ 
ble  for  traction.  i-M-l 


Fig. 8. Stress  dlstributiea  of  erewler  running  on  oonerete 
road 
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Suppose  a  shoe  Is  pulled  hor isontally 
with  constant  normal  load,  resultant 
tangential  stress  would  be  as  shown  in 
Fig. 9  (a  ).  On  the  other  hand,  tangen¬ 
tial  stress  will  be  as  shown  in  Fig. 9 
(  b  )  under  oyclie  normal  load.  There¬ 
fore,  cyclic  normal  stress  reduces 
average  tangential  force  by  shaded 
area  in  Fig.9(  b  ).  AT  low  travel 
reduction,  the  slip  length  during  a 
touch-and-leave  cycle  of  shoes  to 
ground  becoaes  short,  consequently, 
larger  reduction  of  traction  takes 
place.  This  way,  interaittnnt  spike¬ 
like  normal  stress  reduces  integrated 
tangential  stress  or  traotion.  The 
sharp  fluctuation  of  normal  stress 
orcures  with  rollers  position  as  shown 
in  Fig. 10. 
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Fig. 9. Relationship 
among  normal,  tan¬ 
gential  stress  and 
deformation  of  a 

shoe 


PRINCIPLE  OF  THE  HEW  CRAWLER 
The  basic  principle  of  the 
new  crawler  is  shown  sche¬ 
matically  in  Fig. 11.  And 
picture  1?  is  a  photographic 
view  of  the  tractor  equipped  Fig.10. Ground  force  with 

with  the  new  crawler.  A  track  parlous  roller  positions 
rail  attached  to  the  track  frame  rollcs  over  multipliers 
mounted  on  each  track  pin  joint.  The  teeth  of  sprockets 


t  t 


Track  frMM 


Fig. 11. Schema tic  view  of  new  crawler 
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aeet  with  those  rol¬ 
lers.  Whan  a  shoe 

contacts  with  ground, 
rollers  on  two  neigh¬ 
boring  pin  joints  are 
pushed  against  the 
tragic  rail  so  that 
the  tilting  aotion  of 
shoes  is  restrained. 


Measured  tilting 
angle  of  shoes  of  the 
new  crawler  is  shown 
in  Fig. 13.  Since  track 
fraae  is  supported  by 
only  two  shoes  on  hard 
ground  surface,  track 
fraae  does  not  jolt 
except  when  a  ground 
contacting  shoe  is 
placed  on  a  higher  spot 


Fig. 12. Photographic  view  of  the 
tractor  equiped  with  the  new  oraw- 
ler 


Fl«  .13. Tilt  angle  of  new  crawler 


or  the  center  of  the  gravity  of  vehicle  passes  through 
supporting  shoe.  Hence,  less  fluctuation  of  noraal  stress 
acting  on  shoes  is  anticipated.  Measured  noraal  stress 


acting  on  a  shoe  of 
the  new  crawler  shown 
in  Fig. 14  supports 
this  principle.  Also 
less  travelling  resis¬ 
tance  and  dynaalc  load 
enable  us  to  expect 
dependability  of  coa- 
ponents  of  the  new 
crawler. 


I-.**—, 


M  Shoe  width  Mm 
Shoe  pitch. imm 


Tarr- 

_  Sphacket 

Fig. 1 4. Roraal  stress  of  new  orawler 
on  oonorete 


TRACTION  PERFORMANCE  OF  THE  NEW  CRAWLER 
The  traction  perforaenee  of  tho  conventional  and  the  new 
crawler  are  coopered  in  Fig. 15  and  specification  of  the 
traetor  used  is  in  Table  1.  On  both  soft  and  hard  ground, 
the  new  crawler  iaproves  traction  especially  at  low  travel 
redaction. 


tb>  On  nek 


Fig.  15. Traction  perfomanee  of  new  crawler 
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*•  *  Fig*  1 6.  Accel  oration  of 

vibration  at  oparater'a  seat 
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Fig. 17. Boise  level 


OTHER  ATTRACT IOHS  OF  THE  HEW  CRAWLER 
The  vibration  and  noise  at  the  operator's  seat  of  the 
new  crawler  is  aeasured  and  ooapared  with  that  of  con¬ 
ventional  crawler  in  Fig. 16  and  17  respectively.  It  is 
also  oonflraed  that  the  new  orawler  reduces  the  vibration 
and  noise  considerably. 
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CONCLUSION 

Authors  iaprove  the  traction  parforaance  of  tractor  by 
•llalnatlng  unfavorable  phenoaana  for  traction  froa  crawler. 
The  new  crawler  alao  reduces  dynaaic  load, hence, la  depend¬ 
able.  And  on  the  proceaa  of  this  research, unfavorable 
phenoaena  of  crawlar  are  clarified.  By  taking  thoae  factors 
into  account, the  prediction  of  traction  and  slipping  under 
given  soil  condition  is  earrled  out  with  auch  better 
accuracy.  This  will  be  reported  on  another  opportunity. 
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jjOIgg  RTOUCTIOH  IN  TH8  TBPDA  IN-TBBICU  T  11 


V.  T AID AKA,  DR.-IWG. 

manricAL  coisult  Aim  sxfbpt,  d-iooo  bt^lin  19,  *wtpach  1523 


1 .  Introduction 

Noise  baa  negative  effects  on  the  human  organisms ,  i.e.  It 
reduces  the  capability  for  work.  Permanent  exposure  to 
traffic  noise  can  probably  increase  the  cardiovascular  risk 
^/l/. 

^here  is  an  Increasing  tendency  of  tightened  up  legal  pres¬ 
criptions  for  noise  reduction  in  order  to  improve  the  stea¬ 
dily  deteriorating  quality  of  life.  Vehicles  are  the  most 
important  noise  sources  in  the  street  traffic.  To  decrease 
their  Influence,  lower  limiting  values  for  the  external  noise 
of  vehicles  are  aimed  at.  In  the  second  half  of  the  eighties 
the  external  noise  of  utility  cars  in  Europe  will  be  limited 
to  80  dB(A).  These  limits  are  low  and  will  not  without 
difficultiea  be  achieved  in  all  motor-vehicles,  especially 
not  in  utility  cars  (lorries  and  buses,  but  terrain-vehicles 
as  well).  This  is  not  only  a  result  of  the  situation  in  the 
driving  aggregate,  the  combustion  engine,  but  in  other  direct 
and  indirect  noise  sources  too..*-' 

In  the  vehicle  the  driver  and  toe  passengers  are  subject  to 
noise,  that  is  why  efforts  are  made  to  achieve  the  lowest 
possible  values  of  inner  noise.  At  the  aoaent,  only  laws 
exist  which  limit  the  level  of  noise  at  the  place  of  work, 
that  is  the  driver's  seat. 

2.  Description  of  the  terra in-vehicle  T  11 

The  terrain-vehicle  T  Id  has  three  axles  and  is  designed  for 
the  transport  of  people  sad  different  materials  up  to  sn 
overall  tonnage  of  3ooo  kg.  The  fully  loaded  vehicle  can 
easily  move  on  regular  streets  end  heavy  ground.  The  ground 
can  be  soft,  swampy,  snowed  up  or  sandy,  for  this  reason  the 
T  11  has  a  pneumatics  with  which  the  tyre  pressure  can  be 
changed  between  o,7  end  3,5  bar  in  a  very  abort  tine.  The 
front  end  rear  tyrea  are  of  the  sane  type. 

The  T  11  works  at  an  outside  temperature  from  203  g  to  513  g. 
It  eea  move  through  wator  with  a  depth  ef  one  metre.  The 
aaxlmun  speed  of  the  terra in- vehicle  T  11  ie  92  km/h  oa  the 
street.  It  ean  haul  a  trailer  up  to  sn  overall  weight  of 
3000  kg. 

The  driving  aggregate  of  the  vehicle  is  ths  slx-cvll ad sr, 
four-stroke,  air-cooled  V-Mesel  engine  f  61  #13  V  with 
direct  injection. 

The  engine  output  la  transmitted  by  e  dry  single-plate  clutch, 
•  five-geer  eynchromeeh  tresamieeioa,  a  two  speed  transfer 
bo*  fm  earths  teed  and  erase- eeonuy  fane,  ewdon  shafts  and 


final  drives 


The  chassis  consists  of  two  P-side-rails  which  are  connected 
wittjcrossbeams .  All  three  axles  are  connected  with  the  chassis 
by  leaf  springs,  rubber  bufflers  and  hydraulic  shock  absorbers. 
They  grant,  together  with  the  elastic  chassis,  a  good  adapta¬ 
tion  of  the  vehicle  on  any  ground. 

The  vehicle  has  a  hydropneumatic  two-circuit  brake,  a  hand¬ 
brake,  and  an  engine  brake. 

The  terrain-vehicle  is  equipped  with  a  hydro-servo-steering. 
There  is  an  open  and  a  closed  type  of  the  vehicle  cabin.  The 

flat fora  has  a  canvas  cover.  A  closed  superstructure  say  be 
nstalled  instead  of  the  platform. 

The  moat  important  data  of  the  terrain-vehicle  are  given  in 
Table  1. 

Table  1 ;  Technical  data  of  the  terra in-vehicle  T  11 
Denotation  Dimension 


overall  length  mm  -  60 6C 
overall  width  mm  *2270 
overall  hight  (unladen)  am  « 2470 
effective  length  of  the 

platform  am  *  4420 
effective  width  of  the 


platform 


•  2120 


Dayload  on  the  ground 
on  the  road 
number  of  gears 
electric  equipment 
tvrea 


kg 

kg 

7 


3000 

5000 

5 

24 

12.00-18  m  10 


The  technical  data  of  the  Diesel  engine  7  6L  413  y  are  given 
in  Table  2. 


Table  2:  Technical  data  of  the  air-cooled,  six-cylinder  7- 
Dieael  engine  7  6L  415  7 

Denotation  Dimension 


automotive  rating  to  DIW  70020 

110.2 

at  a  engine  speed  of 

1/aln 

2650 

number  of  cylinders 

ca? 

6 

displacement 

8482 

cylinder  bore 

as 

120 

stroke 

U 

125 

max.  engine  speed  at  idle 
running 

1/aln 

2830 

max.  torque 

Wm 

4<*1 

at  a  engine  speed  of 

Vain 

1400 

average  effective  pressure 

bar 

5.89 

compression 

18 

mean  piston  speed 

m/a 

11.04 

length 

ma 

990 

width 

me 

1180 

hight 

am 

935 

'nils  engine  is  not  only  installed  as  a  driving  aggregate  la 
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the  terrain-vehicle  ?  11,  but  in  buses  end  lorries  as  well. 
Additionally  it  ie  used  with  reduced  engine  speed  sb  an 
aggregate  motor. 

3.  Noise  sources  of  the  terrain-venlcle  ?  '11 


T’he  most  imDortant  noise  sources  of  the  terrain-vehicle  are: 

-  the  driving  segregate 

-  the  transmission 

-  the  rolling  noise  of  tyres 

-  the  vehicle  bodr 

-  the  noise  of  air  on  the  surfaces  of  the  vehicle  and 
in  the  ports. 

3.1  Noise  sources  of  the  driving  aggregate 

Tn  a  driving  aggregate,  here  a  Diesel  engine,  are: 

-  inner  and 

-  external  noise  sources. 

''he  most  important  inner  noise  sources  are: 

-  the  combustion 

-  strokes  of  the  piston 

-  the  motor  control 

-  the  driving  wheels  etc. 

mhe  external  noise  sources  are: 

-  the  suction  system 

-  the  exhaust  gas  conduct 

-  the  cooling  fan 

-  the  motor  surface 

-  the  motor  brake 

-  the  auxiliary  aggregates  etc. 

Although  a  number  of  noise  sources  are  mentioned,  their  in¬ 
fluence  on  the  noise  level  of  the  engine  will  differ,  one  or 
another  noise  source  can  be  more  prominent.  Then  a  higher 
expense  of  labour  will  be  necessary  to  reduce  its  influence. 
This  leads  to  the  conclusion  that  there  can  be  no  universal 
solution  which  would  have  the  same  results  in  all  combustion 
engines.  As  sn  example  s  comparison  between  a  suction  angina 
and  an  angina  with  a  pracombuation  or  turbulenca  chamber  might 
serve.  The  combustion  pressures  in  ths  engines  are  different 
and  ao  the  influence  of  the  combustion  pressure  will  be 
different.  The  different  combustion  pressures  Inevitably  cause 
different  intensities  of  the  strokes  of  the  piston  in  the 
working  cylinder  /2/. 

3.2  Transmission 

The  transmission  is  an  important  part  of  ths  terrain-vehicle 
T  11.  It  consists  of  a  mechanic  synchromesh  gear,  a  transfer 
box,  cardan  shafts  and  the  final  driveB  which  are  installed 
over  the  overall  length  of  the  vehicle,  in  ell  these  parts 
different  cogwheels  and  bearings  are  noise  sources,  filailsr 
to  combustion  engines ,  the  noise  level  of  e  gear  depends  on 
ths  spssd,  ths  perfsrasaes,  tbs  production  sad  ths  accuracy 
of  manmfecture  Then  this  holds  trus  for  ths  transfer 

box  ss  well.  Ths  influence  of  ths  traasmihslem  is  stronger, 
when  ths  external  noise  of  ths  terrain- vs hie Is  is  below  85 
dB(A)  sad  tbs  inner  noise  below  80  dB(A).  Tbs  influence  or 
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the  gear  and  the  transfer  box  can  be  direct  or  indirect.  It 
is  direct,  if  they  themselves  are  noise  sources  as  a  result 
of  high  strain,  indirect,  if  by  the  chosen  gear  the  driving 
aggregate  runs  at  propititious  or  nonpropititioua  speed. 

3.3  Polling  noise  of  tvres 

The  rolling  noise  of  tyres  is  made  by  the  tyres  and  depends 
on  the  speed  of  the  vehicle.  In  the  terrain-vehicle  T  'll  it 
is  caused  by  six  big  tyres  with  coarse  tyretread  and  a  large 
plane  of  contact  on  the  road.  In  this  connection  one  has  to 
take  into  consideration  the  influences  of  the  quality  of 
pavement  and  the  direct  surroundings  of  the  road. 

3.4  Vehicle  body 

The  lower  part  of  the  driver's  cabin  and  the  platform  are  ma¬ 
de  of  sheet-steel.  The  cabin  roof  consists  either  of  plastics 
part 8  or  of  a  canvas  cover.  If  the  weather-conditions  make  it 
necessary,  the  platform  as  well  can  be  covered  with  a  canvas 
cover.  Although  the  whole  structure  of  the  terrain-vehicle  is 
sturdy,  it  could  not  be  avoided  that,  especially  on  uneven 
ground,  uncomfortable  noise  appears.  This  is  considerably 
increased  by  the  construction  of  such  a  type  of  vehicle. 

3*5  Noise  on  the  surfaces  of  the  terrain-vehicle 


One  must  not  ignore  the  noise  which  appears  on  the  surfaces  of 
the  terrain-vehicle  and  in  the  ports  for  the  cooling  of  the 
engine.  This  plays  an  important  role,  because  terrain-vehicles 
arelgenerally  built  nonpropititions  to  air  streams.  Many 
salient  corners  of  the  vehicle  body  and  even  the  canvas  cover 
become  unpleasantjnoise  sources  at  higher  travelling  speed  or 
strong  streamings  of  air.  Generally,  everything  that  has  nega¬ 
tive  results  on  the  value  of  resistance  of  the  terrain-vehicle 
is  a  potential  noise  source. 


Possibilities  of  noise  reduction  of  the  driving  engine 

For  a  long  time  combustion  engines  as  driving  aggregates  had 
been  regarded  ee  the  most  important  noise  sources  of  motor 
vehicles.  This  was  less  because  their  noise  level  could  not 

because  the  existing  limiting  values  admitted 
such  a  high  noise  level  of  engines.  This  situation  might  be 
compared  with  the  problem  of  the  emission  of  pollutants  in 
the  exhaust  gas  or  the  high  fuel  consumption  of  combustion 
engines,  fhen  it  became  necessary,  the  emission  of  pollutants 
and  the  fuel  consumption  of  engines  have  been  remarkably  re¬ 
duced.  This  is  similar  to  the  noise  reduction.  Because  of 
nigh  nondeductible  costs  this  improvement  in  quality  could  not 
be  carried  out  earlier.  ' 


?  necessary  noise  reduction  of  the  driving  engine  in  the 
terrain-vehicle  can  be  achieved  by  a  noise  reduction  of  singli 
inner  end  external  noise  sources  of  the  engine  /6,7/,  as  well 
ss  by  its  complete  encasing  /8,V*  A  complete  encasing  of  the 
engine  can  only  diminish  the  influences  of  the  inner  noise 
sources  of  the  combustion  engine,  of  its  surface,  and  of  the 
auxiliary  aggregates.  The  influences  of  the  external  noise 
sources  have  to  be  solved  edditionally.  ■**•**•*  noise 
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“ . ”  Tuner  noise  sources  of  the  co.nbust.ioa  engine 
*♦.1  ."i  Combustion 

Dvery  combustion  in  a  rec i nroceting  engine  is  accompanied  by 
a  sudden  increase  of  pressure  that  leads  to  a  formation  of 
primary  t^es  powers.  These  powers  act  on  the  cylinder  wall  and 
the  cylinder  head.  Pheir  intensity  increases  the  higher  and 
steeper  the  increase  of  pressure  is.  For  instance,  in  a  one- 
cvlinder  Diesel  engine  an  intensity  of  combustion  up  to  90ti- 
mes  of  the  acceleration  due  to  gravity  was  registred  on  the 
cvUnder  wall  /2/. 

“.1.2  strokes  of  the  piston 

besides  the  primary  gas  powers,  secondary  powers  owin g  to  the 
effect  of  interia  of  moving  Darts  of  the  driving  apparatus 
lead  to  strokes  of  the  piston  on  the  cylinder  wall.  They  are 
caused  by  piston  slapping  as  a  result  of  the  piston  clearance 
and  desaxation.  The  intensity  of  the  strokes  of  the  piston 
deoends  mainly,  besides  on  the  forces  due  to  mass,  on  the 
connecting  rod  proportion,  the  piston  clearance,  the  piston 
length,  the  lucibrating  film  on  the  cylinder  wall,  and  last 
but  not  least  on  the  bearing  clearance  of  the  connecting  rod 
on  the  piston  axle  end  and  the  piston  wrist.  A  detailed  in¬ 
terpretation  of  these  conditions  is  given  in  the  study  /2/. 

^.1.3  Motor  control 

Parts  of  the  control  system  of  the  combustion  engine  are: 

-  the  cam  shaft 

-  the  tapoets 

-  the  push  rod 

-  the  valve  rockers 

-  the  inlet  and  outlet  valves  with  springs  and 

-  the  driving  cogwheel  on  the  camshaft. 

The  important  noise  sources  are  the  inlet  and  outlet  valves 
and  the  driving  cogwheel  of  the  camshaft.  The  valves  steadily 
move  to  and  fro  and  thereby  strike  metal  surfaces.  The  inten¬ 
sity  of  the  strokes  depends  on  the  lifting  speed  of  the  valves, 
the  engine  speed ,  and  the  length  of  the  way  the  valves  have 
to  go.  It  is  highly  important  that  the  control  mechanism  is 
well  synchronized  and  any  resonance  on  the  valve  stem  guide 
is  prevented.  Here  one  mainly  thinks  about  the  spring  where 
an  ageing  of  the  spring  material  can  lead  to  an  alteration  of 
the  characteristic  curve  of  the  spring.  There  are  examples 
known  where  a  reduction  of  the  critical  epeed  of  8*  and  great 
damages  in  engines  were  the  result  of  the  alteration  of  the 
characteristic  curve  of  the  spring  /10/. 

h.1.4  Driving  cogwheels 

The  driving  cogwheels  of  the  crankshaft  and  of  the  auxiliary 
aggregates  can  be  important  noise  sources.  The  camshaft  and 
the  oil-pump  are  driven  by  the  cogwheel  of  the  crankshaft. 

The  noise  of  the  cogwheels  is  caused  by  the  influence  of  the 
variable  forces,  therefore,  even  with  the  highest  accuracy  of 
manufacture,  certsin  sounds  cannot  be  eliminated.  It  appears 
under  the  Influence  of  the  rsdial  force  Pp  which  effects  the 
teeth  of  the  cogwheels,  the  bearings  end  bv  them  the  engine 
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crankcase,  As  soon  as  Che  force  changes,  vibrations  of  the 
crankcase  walls  emerge  and  these  are  radiated  by  the  outer 
surface.  High  strain  leads  to  unavoidable  deformations  of  the 
crankcase,  the  bearings,  the  crankshaft  and  the  camshaft  etc. 
and  these  are  very  important  for  the  noise  of  cogwheels.  The 
deformations  lead  to  faults  of  meshing  of  the  cogwheels. 

The  bending  vibrations  and  rotary  oscillations  of  the  crank¬ 
shaft  can  be  high  and  cause,  as  it  was  the  case  in  one  type 
of  engine,  damages  of  the  driving  cogwheels,  the  crankshaft, 
and  the  oil-pump  /II/.  These  vibrations  had  been  the  result 
of  a  lower  stiffness  of  the  crankshaft,  its  bearings  and  the 
crankcase . 

One  should  only  work  on  the  inner  noise  sources  of  the  driving 
engine,  when  all  opportunities  on  the  external  noise  sources 
arejexhaueted  or  when  further  development  or  new  construction 
work  of  the  engine  is  done.  This  is  less  the  case  because  such 
work  is  difficult,  but  because  of  the  high  expense  of  time  and 
costs  in  the  following  realization  in  series.  Study  /12/  re¬ 
ports  extensive  alterations  of  an  engine  which  caused  a  noise 
reduction  of  the  passing  vehicle  to  values  of  35-85  dB(A). 
since  work  on  the  external  noise  sources  was  done  simulta¬ 
neously,  it  cannot  with  certainty  be  said  which  improvement 
can  be  traced  back  to  the  reduction  of  the  inner  noise  sources. 
It  is  supposed  that  the  changes  made  on  the  engine  had  the 
effect  of  a  noise  reduction  of  3,5  -  4  dB(A) . 

5*  External  noise  sources 


5.1  Suction  and  exhaust  systems 

The  noise  of  the  suction  and  exhaust  systems  springs  from  the 
working  medium  exchange  and  is  regarded  as  a  result  of  the 
combustion  of  the  gas-sir  mixture  and  of  the  streaming  pulsa¬ 
tions.  The  latter  are  caused  by  the  periodical  work  or  the 
svstems  for  the  supply  with  air  and  the  carrying  off  of  the 
combustion  gases.  The  pulsating  stream  is,  because  of  the  fle¬ 
xible  medium,  always  connected  with  a  sound  wave.  It  spreads 
in  the  pipe  system  of  the  exhaust  as  an  overpressure  wave  and 
in  the  auction  system  as  s  low  pressure  wave  with  a  level  wa¬ 
ve  front  and  in  free  air  in  the  first  approximation  as  a  ball 
wave. 

The  suction  and  exhaust  noise  is  reduced  by  sound  absorbers. 

In  most  cases  higher  attention  is  paid  to  the  exhaust  muffler. 
Moat  likely  this  is  done  because  of  the  higher  sound  pressure 
in  the  exhaust  system.  Hut  the  noise  of  the  suction  system  of 
installed  engines  can,  in  spite  of  its  lower  sound  pressure, 
influence  the  inner  noise  of  vehicles  very  badly.  This  mainly 
depends  on  the  layout  and  the  fitting  of  the  suction  system. 
The  negative  influence  of  the  suction  system  especially  in  the 
region  of  low  frequency  (at  low  engine  speed)  as  soundpressu- 
re  waves  which  cause  an  unpleasant  feeling  in  the  passengers. 

5.2  The  cooling  fan 

The  cooling  fan  is  installed  to  cool  the  engine.  It  may  beco¬ 
me  an  Important  noise  source,  especially  if  little  attention 
in  its  design  hss  been  paid  to  the  stream  conditions  in  it  or 
in  the  inlet  and  outlet.  Such  a  situation  can  arise,  if  the 
layout  speed  of  the  fan  proves  inadequate  and  has  to  be  In- 
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creased  b»  b  new  gear  ratio,  Tverv  increase  of  the  numbers  of 
revolutions  simultaneously  means  an  increase  of  the  circumfe¬ 
rential  speed  of  the  fnn  blades,  ""he  stream  conditions  in  the 
inlet  and  the  outlet  and  those  in  the  fBn  change.  Hy  an  alte¬ 
ration  of  these  conditions  the  noise  of  the  fan  increases  too. 
The  noise  or  the  freauencv  spectrum  can  be  influenced,  besides 
by  construction  alterations  of  the  fan  snd  the  blades,  by  al¬ 
tering  the  number  of  blades  or  their  arrangement. 

5.3  The  motor  surface 

The  noise  on  the  motor  surface  has  its  origin  in  the  inner 
noise|Sources  of  the  engine.  The  influence  of  the  motor  surface 
on  the  noise  depends  considerably  on  its  conception,  its  de¬ 
sign,  and  its  properties  of  material. 

Cn  the  basis  of  many  experiments  on  vehicles  and  engines  as 
well  as  the  achieved  noise  reduction  in  vehicles  ana  engines 
/3, 6,7,9/  could  be  recognized  that  the  influence  of  the  sur¬ 
face  had  not  been  that  imoortant.  The  external  noise  level  of 
these  vehicles  according  to  ISO  was  nevertheless  about  80  dB(A). 

5.4  Auxiliary  aggregates 

Among  the  auxiliary  aggregates,  the  compressor  has  to  be  men¬ 
tioned  above  all.  The  noise  of  it  is  caused  by  the  control 
elements  and  might  be  compared  with  the  noise  of  the  suction 
and  exhaust  systems.  This  noise  especially  appears  at  low 
engine  speed  and  can  Increase  the  total  noise  of  the  engine 
considerably.  The  switchings  on  snd  off  ars  especially  disad¬ 
vantageous,  they  can  lead  to  resonances  in  the  case  of  badly 
harmonized  conditions  at  the  chassis  and  the  car  body. 

6.  Carried  out  tests 

As  long  as  there  had  been  high  limiting  values  of  the  external 
noise  of  vehicles,  it  wee  possible  to  ignore  some  noise  sour¬ 
ces  because  the  level  of  other  noise  sources  was  very  high. 

The  situation  la  changed  in  vehicles  in  which  the  external 
noise  has  been  reduced .  The  Influence  of  the  over loud  noise 
sources  of  the  driving  engine  has  bsen  sliminsted  in  those 
vehicles,  thus  an  additional  noise  reduction  of  the  vehicles 
could  only  be  achieved  by  working  on  other  noiBS  sources.  The 
aim  of  all  sf forts  was  to  achieve  external  noise  values  of 
80  dfl(A),  s  value  which  will  be  in  force  for  utility  cars  in 
Europe  in  the  second  half  of  the  eigntlea. 

''hat  90  dB(A)  mean  can  be  seen  by  the  fact  that  if  there  were 
only  four  moat  important  noise  sources  of  a  vehicle  none  must 
have  a  higher  noise  level  than  74  dB(A).  After  ell,  two  noise 
sources  of  the  seme  intensity  cause  an  increase  of  noise  of 
3  dR(4).  supposing  that  the  driving  engine  P  6L  413  v  had  on¬ 
ly  eight  noise  sources,  none  of  them  must  have  a  higher  noise 
level  than  71  dB(A),  if  tbs  noiss  lsvsl  should  be  limited  to 
80  dB(A) .  If  there  ere  16  different  noiss  sources,  which  is 
more  probable,  the  noise  level  must  hot  be  higher  than  68 
dB(A).  At  a  lower  noise  level  of  the  engine,  the  level  of  the 
different  noise  sources  has  to  bs  lower  in  proportion. 

Prow  the  number  of  noiss  sources  can  be  teen  that  bslow  a 
certain  noiss  lsvel  imorovements  of  single  noise  sources  are 
hardly  recognisable.  This  makes  noiee  reduction  very  difficult. 
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Additionally,  other  noise  sources  have  to  be  taken  into  consi¬ 
deration.  ?hese  are  above  all: 

-  the  engine  cooling 

-  tolerances  of  nessureaent . 

In  connection  with  the  engine  cooling  one  thinks  of  the  fan 
of  the  engine.  Its  speed  does  not  only  depend  on  the  tempera¬ 
ture  of  the  engine,  respectively  the  oil  temperature,  but  on 
the  outside  temperature  as  well.  The  mass  of  sir  and  not  the 
volume  of  air  is  decisive  for  the  cooling  of  the  engine.  That 
means  that  according  to  the  outside  temperature,  a  remarkable 
difference  may  be  in  the  necessary  volume  of  air,  l.e.  the  fan 
speed.  In  the  case  of  the  tested  engine,  special  working  con¬ 
ditions  (  303  K  outside  temperature)  make  additional  58*  vo¬ 
lume  of  air  necessary,  compared  with  the  outside  temperature 
of  273  K.  But  a  larger  quantity  of  air  doea  not  only  mean  a 
higher  speed  of  the  fan,  but  a  higher  velocity  of  flow  too. 
Higher  velocitiea  of  flow,  not  only  Inside  the  fan  but  on  the 
cooling  surfaces  of  the  engine  ea  well,  are  accompanied  by 
higher  losses  of  pressure  in  the  cooling  system.  The  varying 
working  conditions  necessarily  influence  not  only  the  noise 
level  of  the  engine  but  the  fan  performance  too. 

In  connection  with  the  tolerances  of  measurement  one  thinks 
not  only  about  the  tolerances  which  are  a  result  of  the  accu- 
recy  of  manufacture  of  the  measuring  instruments,  but  mainly 
about  the  influences  of  the  outside  and  engine  temperature 
which  can  cause  different  fan  speed  at  the  same  engine  speed. 
Thus  certain  differences  of  the  noise  level  of  the  engine  can 
appear . 

7.  Extent  of  made  alterations 

Before  it  was  possible  to  make  noiae  reduction,  necessary 
extended  measurements  had  to  be  carried  out  on  the  terrain- 
vehicle  Til.  The  influences  of  different  noise  sources  could 
be  estimated  by  an  analysis  of  the  results  of  measurement  sad 
the  possibilities  of  their  reduction  could  be  discussed.  Befo¬ 
re  one  thinks  about  extended  alterations,  it  is  advisable  to 
analyse  in  how  far  a  noise  reduction  of  a  vehicle  or  a  driving 
engine  nay  be  achieved  by  simplest  means. 

After  thorough  consideration  we  came  to  the  conclusion  that 
firstly  work  should  be  done  on  the  driving  engine,  i.e.  on  its 
external  noise  sources.  This  is  especially  so,  because  with 
the  same  type  of  engine,  but  with  changed  characteristic  va¬ 
lues,  good  results  could  be  echleved  in  other  vehicles  /&,?/. 
By  working  on  the  suction  and  exhaust  systems  of  the  engine, 
its  cooling,  o'  the  engine  compartment  etc.,  but  without  en¬ 
casing  the  en^me,  the  external  noise  of  the  petsiiu  vehicle 
could  be  reduced  to  vslues  according  to  180  of  80-81  dB(A) 
and  tha  inner  noise  to  values  of  70-75  dft(A>  in  coaches,  bueaa 
and  suburban  traffic  buses.  These  alterations  can  be  realised 
in  series  very  quickly  and  without  much  of fort. 

There  were  the  following  possibilities  on  the  terra in-ve hide 
T  lit 

-  the  reduction  of  the  influences  of  tha  axheust  aystea 

-  tha  reduction  of  the  influenoes  of  the  euetion  system 

-  alterations  of  the  engine  compartment 
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-  alterations  of  the  tiltable  cabin 

-  the  reduction  of  the  influences  of  the  cooling  fan 
•  the  reduction  of  the  direct  and  indirect  influences 

of  the  driving  engine  on  other  parts  of  the  vehicle 
(resonances  etc.). 

A  reduction  of  the  influences  of  the  exhaust  system  is  possib¬ 
le  between  the  exhaust  collectors  and  the  end  of  the  exhaust 
gas  pipe.  Yuch  can  be  achieved  by  the  installation  of  a  more 
effective  exhaust  muffler.  Dut  the  loss  of  pressure  in  the 
system  must  not  be  higher  than  the  allowed  values,  because 
this  would  cause,  among  other  things,  a  reduction  of  the  engi 
output.  The  influence  of  the  exhaust  system  on  the  measured 
noise  level  of  the  vehicle  was  not  so  important,  because  the 
noise  level  of  other  noise  sources  was  higher. 

The  suction  system  mainly  influences  the  inner  noise  level, 
because  it  is  installed  below  the  tiltable  cabin.  It  consists 
of  two  suction  collectors,  two  air  filters  and  the  necessary 
pipes.  Because  originally  no  suction  sound  absorber  had  been 
planned,  by  a  reconstruction  of  the  suction  system  which  now 
has  a  bigger  air  filter,  a  suction  sound  absorber  and  an 
apDropriate  layout  of  pipes,  positive  results  could  not  only 
be  achieved  concerning  a  noise  reduction  but  concerning  the 
engine  output  and  the  increase  of  the  moment  of  rotation 
(torque)  of  5-5*  too  /15/. 

Only  smaller  alterations  have  been  made  in  the  engine  compart¬ 
ment.  For  Instance,  aprons  with  absorbtion  material  were  in¬ 
stalled  at  the  aidea  of  the  engine,  and  the  opening  on  the 
back-wall  of  the  tiltable  cabin  waa  slightly  diminished. 

8.  Results  of  measurement 

In  the  testa  a  terrain-vehicle  T  11  with  a  cabin  roof  of 
plastics  parts  and  without  a  platform  was  used.  The  inner  and 
external  noise  of  the  vehicle  was  measured  before  and  after 
alterations  had  been  made. 

The  measurements  of  the  inner  noise  in  the  vehicle  cabin  were 
taken  according  to  DIR  45659  and  of  the  external  noise  accor¬ 
ding  to  180.  The  different  measured  values  were  put  into  a 
diagram  and  connected  with  another.  In  almost  all  diagrams 
the  measured  values  of  the  original  condition  and  the  final 
condition  are  given.  The  original  condition  is  the  terrain- 
vehicle  with  a  cabin  roof  of  canvas  oover,  the  interim  and 
final  condition  mean  the  tested  vehicle  with  a  cabin  roof  of 
plastics  parts. 

9.  Inner  noise 

The  level  of  the  inner  noise  in  the  vehicle  oabln  was  measured 
in  the  standing  and  moving  vehicle  on  the  driver's  seat  and 
above  the  driving  engine,  in  the  standing  vehicle  the  measures 
were  taken  in  relation  to  the  engine  speed*  is  the  moving  ve¬ 
hicle  in  relation)  to  the  vehicle  epeed  and  to  the  gear. 

figure  la  gives  the  measured  values  in  the  standing  terrain- 
vemcie  t  11  on  the  driver's  seat  in  relation  to  the 
speed,  in  all  phases  an  almost  linear  rise  of  the  noise  level 
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can  be  observed  at  increasing  engine  speed,  a  deviation  hap¬ 
pens  in  the  final  condition  at  an  engine  speed  between  2400- 
2500/min,  which  is  a  result  of  resonances.  An  improvement 
between  5, 5-9, 5  dB(A)  can  be  ststed  in  the  whole  range  of 
engine  apeed.  At  the  maximum  engine  speed  of  28)0/ain  the 
noise  level  has  been  reduced  from  87  dB(A)  to  78,5  dB(A)  and 
at  idle  running  at  600/nin  from  69  d9(A)  to  60,5  dB(A) .  Simi¬ 
lar  results  were  observed  in  the  cabin  above  the  driving 
engine.  Figure  lb.  In  comparison  with  the  results  on  the 
driver’s  seat,  hare  a  greater  improvement  could  be  achieved 
than  it  had  been  In  the  interim  condition. 

Figure  2a  gives  the  noise  level  in  the  driving  terra in-vehicle 
on  the  driver’s  seat.  The  noise  level  of  the  vehicle  moving 
by  engine  drive  was  measured  in  the  fifth  geer.  For  the  sake 
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of  comparison,  the  noise  level  of  the  driving  engine  at  the 
corresponding  vehicle  speed  is  given .  The  linear  rise  of  the 
noise  level  with  increasing  vehicle  speed,  i.e.  increasing 
engine  speed,  is  here  evident  too.  At  all  vehicle  speeds  a 
remarkable  noise  reduction  between  t>-9  dB( A )  has  been  achie¬ 
ved.  At  a  vehicle  speed  of  40  ka/h  the  noise  level  could  be 
reduced  from  77  dB(A)  to  72  dB(A),  at  92  ka/h  from  89*5  dB(A) 
to  79,5  dR(Al.  In  all  driving  ranges  the  noise  level  of  the 
engine  was  about  2- 4,5  dF(A)  less  than  that  of  the  vehicle. 

?he  noise  of  the  engine  was  only  1-1,5  dB(Al  higher  than  that 
of  the  vehicle  without  engine. 

Therefore  can  be  seen  that  the  increased  noise  of  the  vehicle 
is  not  only  a  result  of  the  driving  engine  but  of  other  in¬ 
fluences  as  well.  These  influences  were  at  least  as  strong  as 
that  of  the  driving  engine.  Similar  results  were  measured 
above  the  engine,  Figure  2b.  The  noise  level  of  the  vehicle 
has  been  reduced  in  the  whole  driving  range  about  6-8  dB(A). 
The  noise  of  the  engine  was  about  5-5  dB(A)  less  than  the 
noise  of  the  vehicle  and  is  almost  the  same  than  that  of  the 
vehicle  without  engine.  This  once  more  underlines  the  influen¬ 
ce  of  other  noise  sources  on  the  inner  noise  of  a  vehicle. 

Figures  5a  and  5b  give  the  inner  noise  in  the  cabin  of  the 
moving  vehicle  in  the  different  gearB  at  maximum  engine  speed. 
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In  the  f irst ,  second,  third  and  fourth  gear  an  engine  speed 
of  2850/hin  was  reached ,  in  the  fifth  gear  2500/mln  in  the 
interim  condition  and  2565/*in  in  the  final  condition.  In  the 
first  four  gears  the  measured  noise  level  is  the  same  as  the 
noise  level  of  the  engine,  on  the  other  hand,  in  the  fifth 
gear  the  noise  of  the  engine  was  about  2-2.5  dB(A)  lees,  thus 
the  higher  noise  level  in  the  vehicle  can  be  attributed  to 
other  influences.  Here  the  rolling  noise  of  tyres  and  the 
transmission  mainly  come  to  the  mind .  In  the  first  four  gears 
the  influence  of  the  rolling  noise  of  tyres  could  not  be 
important  because  of  low  vehicle  soeed. 

The  noise  level  in  the  whole  driving  range  wss  9-10  dH(0  less 
than  in  the  origin  1  condition. 
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Tha  extsrnal  nolas  was  aeasured  on  the  standing  vehicle.  It 
was  dona  at  a  distance  of  7a  and  in  relation  to  the  engine 
sowed.  The  distribution  of  aeasuring  points  is  given  in 
Figure  4. 
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the  final  condition.  The  original  and  <fh— fll  i  Ifl— 

the  interia  condition  were  aeasured 

at  a  aaxiaua  engine  speed  28 30/ain,  a_  _yn 

Figure  5a.  and  the  final  condition  v  n  I  ^ 
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2830/iin,  Figure  5b.  At  the  aaxiaua  |L_  . 

engine  speed  the  noise  level  of  the  <J>-tW*XJiL(3) 

vehicle  has  been  reduced  about  i  ,5-6  m'  A  V\ 

dB(A>.  The  greatest  reduction  could  ^ 

be  aeasured  in  the  front  region,  that  „  4 
is  near  the  installed  engine.  There  1  i 

the  hipest  values  of  82  dB(A)  were  Cutanea  at  7a 

aeasured . 

A  reduction  of  the  engine  speed  to  2 500 /a in  would  lead  to  an 
additional  noise  reduction  about  2-5  dF(A).  The  influence  of 
the  angina  spaed  on  the  noi¬ 
se  level  of  the  standing  vs- 
hide  is  given  in  Figures 

6  and  7.  The  aeasured  values  T  /  Vv 

wars  taken  on  the  aeasuring  <8/  ttt — W  w  r,  w 

points  3  sad  11,  that  la  on  X  *  I  X  T  X 

tha  driving  angina.  Figure  X _ X  X _ X 

4.  Fron  this  it  can  ETsTSn  m  /  J  \jS' 

Ihat  an  alnoat  parallel  fiLA,  ® 

shift  of  the  noise  values  v-/  ^ 

about  4-6  dB(A)  downwards  *  * 

has  resulted  in  tfan  whole  Fi«  SeNalaa  at  itatiaeary  Itrrala-vaMcl* 
range  of  speed.  Maxiaun  va-  ni  a  titteac*  at  7a.  lit* w 

luaa  of  about  80  dB(A)  wars  a.t-  aa«iM  SIN  Hats 

aeasured  at  the  aaxiaua  en¬ 
gine  speed. 

there  as  in  a  standing  vshic-  A  go*  ,£* 

la  aainlx  direct  and  JLndl-  T  'r( 

rect  influences  ef  the  e&gl-  ®  fi  i  ®  ® 

ne  are  aeasured,  there  will  X  *  T  T  j  T 

be  other  influencea  of  a  Cf—  — © 

passing  vehiola.  in  connao-  X  XXX 

tion  with  tha  iadlreot  in-  MvTvt®  ~  /TV  ® 

f  luanees  one  ns  inly  thinks  a  X  taC  ay  X  fig 

about  tha  various  raaonan- 

css  which  are  a  result  of  '  *  * 

zussufimiSi  -  *  m  awawg«r--* 

axle  of  the  vehiola. 

Figure  8  gives  the  external  noise  of  the  terrain-vehlc le  with 
aasvitheut  engine  drive  in  relation  to  tho  vehlelo  Spead(orl«r. 
condition).  Tho  aolao  of  tho  vohlclo  without  angina  was  npasur. 
with  tha  angina  switched  off  and  soring,  not  a  tan  land  trsna- 


M|  4  Kiiumi  MUI*  Hi* 
•  ilaraal  aaiaa  at  a 
Cialtaca  *1  7a 


•If.  SeNalaa  ef  atatiaas rj  tarrafa- vehicle 
Til  t  iiafaace  *f  Ta.  MMV 

a,  •-  aafiaa  apaet  ItN  If  ala 


1303 


«WM  INK  •  »t»»«  * 


if.  I :  N,i,a  ,f  ,»ati,aary  litrii*  f  if.  7  Naiaa  a#  statiaaery  tarraia 

vahicta  Ttl.rifli  iKuiiail  vaMcia  Ttliaft  aifa.fa4at  M 


mission  which  was  drivan  by  the  wheels.  The  noise  level  of 
the  terra in-vehicle  without  engine  drive  was  higher  than  the 
noise  of  the  contraction  engine  (final  condition).  At  a  vehicle 
speed  up  to  60  ka/h  the  difference  was  3,5-^»5  dB(A)  end  e- 
bove  60  ka/h  5-6.5  dB(A).  At  the  aaziaua  vehicle  speed  of  88 
ka/h  a  noise  level  of  82,5 

dB(A)  was  aeaeured.  m - - -  n  . . .  ■ . 

Froa  all  these  results  can  f 

be  concluded  that  the  influ-  *  ini  'i  m  n  ■  rr~ 
ence  of  the  driving  engine  **  ,r* 

was  not  very  high  and  car-  - \ - 

t  a  Inly  other  influences  have  J  y '  >  —* 

to  be  considered.  Here  the  I*  - -j  - 3; - 

rolling  noise  of  tyres  and  *  y 

the  transaission  have  to  be  ! - - - 

mentioned .  -  \  L-c'- 

*  !  ■— -g  ^  1—  ■ 

The  influence  of  the  trace-  / 

mission  is  heightened  beeau-  - — — .  .  '  ■ 

ae  of  the  open  design  of  the 

vehicle,  it  is  especially  «IL, —  — ,  1 .  .  -J 

high  in  lower  gears  at  high  *•  ^rnm  ms  V 

engine  speeds  and  under  high  tag . n ST 

strain,  these  results  are  as  *** 

well  shewn  in  the  aeasure- 

seats  of  the  external  noise  tie.  a  »«e4se  ef  Israels- vehicle 
of  the  passing  vehicle  in  the  Tit  toasties 

thldtf  gear  according  to  180, 
where  s  value  of  85  dB(A)  was  taken. 


where  s  Value  of  85  dB(A)  was  taken. 


of  additional  nolee  reduction  of  ti 


An  additional  noise  seduction  ef  the  vehicle  ia  poeelbte,  but 
can  net  only  he  achieved  by  e  further  reduction  of  the  noise 
ef  the  engine,  hut  aainly  by  working  on  ethos  noise  neuroma 
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of  the  vehicle. 

There  ere  several  possibilities  for  a  reduction  of  che  noise 
level  of  the  engine,  above  all  a  reduction  of  the  engine  speed 
and  alterations  of  the  external  noise  sources  of  the  engine. 

A  complete  encasing  of  the  engine  will  hardly  produce  a  re¬ 
markable  improvement,  which  is  proved  by  the  results  of  the 
study  /  9/.  A  real  encasing  of  an  engine  means  that  the  cha¬ 
racteristic  lines  of  the  engine  remain  constant  at  the  begin¬ 
ning  and  the  end  of  the  experiments.  This  is  not  the  case  in 
most  of  the  works  reported.  Mostly  other  alterations  are  ad¬ 
ditionally  made,  only  some  of  them  shall  be  mentioned  here. 
These  are: 

-  speed  reductions 

-  the  installment  of  an  supercharged  engine 

-  alterations  of  ths  external  and  internal  noise 
sources  etc. 

Supercharging  means  that  an  engine  with  the  same  output  but 
lower  speed  is  installed .  This  has  necessarily  effects  on  the 
noise  level.  Positive  results  of  these  alterstions  are  com¬ 
pletely  attributed  to  the  motor  encasement.  This  is  not  foun¬ 
ded  on  facts  and  has  led  to  a  wrong  estimation  of  the  whole 
situation  of  vehiclmt and  to  a  determination  of  limiting  values 
for  the  external  noise  of  utility  ears  which  in  reality  can 
not  or  only  under  greatest  efforts  be  achieved.  It  could  espe¬ 
cially  be  studied  in  ths  case  of  buses  that  the  limiting  va¬ 
lues  aimed  at  for  the  second  half  of  ths  eighties  could  not 
be  kept.  That  is  why  they  have  again  been  increased  from  80 
dB(A)  to  83  dB(A).  It  is  said  that  the  reason  for  it  lies  in 
the  influence  of  ths  transmission  which  cannot  be  argued 
straight  sway.  Ths  studies  /3,6/  have  consented  on  this  fact. 

A  motor  encaaanant  produces  no  remarkable  reduction  of  noise 
of  the  engine  because  all  external  noise  sources  of  the  angi¬ 
na  reaeln  unaltered  and  the  noiaa  level  of  the  engine  increa¬ 
ses  as  a  result  of  a  higher  operating  temperature  and  a  more 
intensive  performance  of  the  cooling  fan.  Moreover,  a  motor 
encasement  is  the  most  expansive  solution  and  gives  rise  to  a 
lot  of  other  problems  which  have  to  be  regarded.  These  are 
mainly  difficulties  that  arise  In  repairing  and  the  pr oneness 
of  the  complete  cooling  aystaa  of  the  angina.  The  problems 
would  bacons  especially  apparent  in  aeries  cars. 

Thera  are  opinions  that  state  a  fuel  saving  as  a  positive  re¬ 
sult  of  a  complete  encs assent.  But  this  la  said  under  wrong 
conditions.  ?cictional  losses  of  the  angina  would  bo  kept  low 
by  constant  operating  temperatures .  This  opinion  can  only 
pasfelally  hold  true  in  tha  cold  season  and  short  drivwa  with 
freouent  interruptions,  whereas  at  a  higher  surrounding  tem¬ 
perature  e  more  intensive  performance  of  the  cooling  fan  con 
be  expected.  The  hoTe  intensive  performance  of  the  cooling  fen 
does  not  only  neon  a  higher  noise  level  hut  an  increaead  fuel 
consumption  of  tha  angina  as  wall.  The  disadvantages  of  s  mo¬ 
tor  encaseaent  are  now  recognised  by  ether  authorities  too. 
This  is  shown  by  existing  solutions  where  additional  venti- 
peaaa  art  last tiled  to  protdet  ths  angina  from  overheating, 
hsgularly,  tha  noiaa  lsval  of  those  vebiolss  had  to  he  mea¬ 
sured  with  open  ventlpanea.  But  in  e  normal  taat  tha  angina 
will  hardly  host  up  to  a  dagraa  sharp  tha  vantipaaaa  span 

amtowatloally. 

It  la  moon  that  a  reduction  of  tha  fuel  coneunption  can  he 


achieved  my  minimizing  thm  valum  of  resistance  of  the  vmhiclm. 
A  lining  of  thm  lower  oarts  of  thm  engine  would  prove  ummful. 
But  this  result  can  am  well  be  achieved  without  a  motor  en¬ 
casement,  if  the  front  part  of  the  vehicle  is  modelled  with 
more  care  than  it  is  now  usual. 

12.  Cone 1 unions 

The  inner  noise  of  the  standing  terrain-vehicle  T  11  at  maxi¬ 
mum  engine  speed  has  been  reduced  to  78,3  dB(A)  and  the  exter¬ 
nal  noise  to  about  90  dB(A).  The  values  of  the  inner  noise 
remained  in  the  moving  terrain-vehicle  st  mi>< mum  engine 
speed  in  all  gears  belo*  80  dB(A).  This  noise  level  In  a  cabin 
of  such  a  type  of  vehicle  is  low. 

The  external  noise  level  of  the  passing  vehicle  was  according 
to  190  89  dn(A).  These  values  have  been  achieved  on  a  vehicle 
without  a  platform  by  working  on  the  external  noise  sources 
of  the  engine  end  by  small  alterations  in  the  engine  compart¬ 
ment.  The  alterations  have  not  been  carried  out  to  the  opti¬ 
mum.  By  an  additional  improvement  of  the  alterations,  with  a 
platform  and  especially  by  small  alterations  of  the  trans¬ 
mission,  a  noise  level  of  82-83  dB(A)  might  bo  achieved  at 
the  same  engine  speed.  But  in  this  type  of  vehicle  an  additi¬ 
onal  noise  reduction  can  only  be  achieved  by  reducing  the  in¬ 
fluence  of  the  transmission  and  other  noise  sources.  A  com¬ 
bustion  engine  encasement  would  hardly  lead  to  an  improvement 
of  the  condition. 
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